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Abstract

Complex numerical models and simulators are essential for representing real life
physical systems so that we can make predictions and get a better understanding of
the systems themselves. For certain models, the outputs can behave very differently
for some input parameters as compared with others, and hence, we end up with
distinct bounded regions in the input space. The aim of this thesis is to develop
methods for uncertainty quantification for such models.

Emulators act as ‘black box’ functions to statistically represent the relationships
between complex simulator inputs and outputs. It is important not to assume
continuity across the output space as there may be discontinuities between the
distinct regions. Therefore, it is not possible to use one single Gaussian process
emulator (GP) for the entire model. Further, model outputs can take any form and
can be either qualitative or quantitative. For example, there may be computer code
for a complex model that fails to run for certain input values. In such an example,
the output data would correspond to separate binary outcomes of either ‘runs’ or‘fails
to run’.

Classification methods can be used to split the input space into separate regions
according to their associated outputs. Existing classification methods include logistic
regression, which models the probability of being classified into one of two regions.
However, to make classification predictions we often draw from an independent
Bernoulli distribution (0 represents one region and 1 represents the other), meaning
that a distance relationship is lost from the independent draws, and so can result in
many misclassifications.

The first section of this thesis presents a new method for classification, where

the model outputs are given distinct classifying labels, which are modelled using a



iv

latent Gaussian process. The latent variable is estimated using MCMC sampling, a
unique likelihood and distinct prior specifications. The classifier is then verified by
calculating a misclassification rate across the input space. By modelling the labels
using a latent GP, the major problems associated with logistic regression are avoided.
The novel method is applied to a range of examples, including a motivating example
which models the hormones associated with the reproductive system in mammals.
The two labelled outputs are high and low rates of reproduction.

The remainder of this thesis looks into developing a correlated Bernoulli process
to solve the independent drawing problems found when using logistic regression. If
simulating chains or fields of 0’s and 1’s, it is hard to control the ‘stickiness’ of like
symbols. Presented here is a novel approach for a correlated Bernoulli process to
create chains of 0’s and 1’s, for which like symbols cluster together. The structure
is used from de Bruijn Graphs - a directed graph, where given a set of symbols, V,
and a ‘word’ length, m, the nodes of the graph consist of all possible sequences of
V of length m. De Bruijn Graphs are a generalisation of Markov chains, where the
‘word’ length controls the number of states that each individual state is dependent
on. This increases correlation over a wider area. A de Bruijn process is defined along
with run length properties and inference. Ways of expanding this process to higher

dimensions are also presented.
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Chapter 1

Introduction

It is common to use complex numerical models to represent real life physical systems.
Examples include climate science, ecology, economics, biology and astrophysics
(Andrianakis et al., 2015; Chang et al., 2014; Vernon et al., 2010). By using
numerical models or simulators, we can make predictions and generally gain a
better understanding of these complex systems (Sacks et al., 1989). A numerical
model is often coded as a computer model which takes in a set of parameters, x,
and returns an output, f(x). The output can take a variety of forms including a
time series, spatial field or just a single value. The inputs can also take a variety of
forms and are typically used to control specific components of the physical processes
being modelled. For example, in climate science, we may have a computer model
for predicting the temperature of the ocean. The output would simply be the
temperature of the water, whilst the inputs could range from spatial location to air
temperature and pressure.

Uncertainty quantification refers to a group of methods used to analyse complex
numerical models (Craig et al., 2001; Currin et al., 1991; Haylock and O’Hagan, 1996;
Kennedy and O’Hagan, 2001). When attempting to describe a real-life system in
terms of a computer model, large amounts of uncertainty and error can be introduced,
and it is important that we recognise these when analysing the system, or when
making inferences. Initially, the computer model is often based on data collected
from observations of the system, which itself can produce errors. This can be down

to both human and equipment error.
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The majority of computer models act as a simplification to the real system when
it is either not feasible to model all fine details, or when the simplified version is
easier to interpret by the user. It is not always possible to consider every small
contribution to an output of the system, however it is important to recognise when
these differences between the computer model and the real-life system are likely to
occur. Uncertainty is also often introduced in the unknown parameters of the model.
Ideally, these parameters will fit exactly with the known data, but this is not always
possible due to simplifications and approximations (Hourdin et al., 2017).

The main motivation for this thesis focuses on uncertainty quantification for
numerical models where there are two or more output solution regions separated
by distinct boundaries. For example, in the form of a tipping point or bifurcation.
These differing regions occur when certain parameters in the input space cause the
output to the model to behave in an entirely different way to another set of input
parameters. Hence, we see the formation of regions in the input space where the
outputs for all associated inputs in that region behave in a similar way. Any inputs
in a different region will, however, have a distinctly different type of output. An
example of this type of model with two output regions is given in Figure 1.1. The
inputs to this model are x € [0,25], which are split up into two regions according
to their associated outputs, f(x). Inputs in the range = € [0, 15], labelled Region 1,
have outputs that follow a sine curve, whilst inputs in the range x € (15, 25], labelled
Region 2, have outputs that follow an exponential curve.

As shown in Figure 1.1, these types of models can induce discontinuities between
the regions in the output space, which can create step functions. Hence, it is
important that we do not to assume any continuity between the separate solutions.
One example of this type of system is in climate science: the Stommel model has
a different solution for when the overturning circulation in the ocean is turned off
or on (Wunsch, 2005). This thesis focuses on systems where there are exactly two
output solutions, with the expectation that the methods developed will extend to

systems with more output regions in future work.
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Fig. 1.1 Example of a model with two output regions. Region 1 (z € [0, 15]) follows
a sign curve, whilst Region 2 (z € (15, 25]) follows an exponential curve.

Often the relationships between the inputs and outputs of a simulator or model
can be represented by a smooth, continuous function which can be modelled as
a Gaussian process emulator (GP) (Kennedy and O’Hagan, 2001; Rasmussen and
Williams, 2006; Sacks et al., 1989; Santner et al., 2003). Emulators act as a ‘black
box” model to represent statistically the relationships between the simulator inputs
and outputs, providing a deeper understanding of the complex interactions involved
in the physical systems, and an approximation of any uncertainty. GPs are a non-
parametric approach to regression, such that they find a distribution over the possible
functions, f(x), that are consistent with the observed data. A Gaussian process can
be seen as a generalisation of a Gaussian distribution over an infinite vector space,
and so are fully defined by a mean function, m(x), and a covariance function, v(x, x’)
(Kennedy and O’Hagan, 2001). If a function is distributed as a Gaussian process,
then, to work in finite dimensions, only a finite number of samples is required. All
marginal, joint and conditional distributions are Normal (Rasmussen and Williams,
2006).

A disadvantage of Gaussian processes is that they assume continuity across the

output space (Kennedy and O’Hagan, 2001). Thus, when there are two output regions
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which behave very differently to each other, we are highly likely to experience a
discontinuity across the border of these regions, and so continuity cannot be assumed.
An example of this is shown in Figure 1.2 which shows a one-dimensional problem
with a discontinuity in the output space. The true function, f(z), is given in red,
where the input range is « € [0, 20], with f(z) = —1 when z <9 and f(z) = 1 when
x > 9. Six initial points (orange) are assumed to be known, and a Gaussian process
is used to model the function, f(z). The posterior expectation for the GP is shown
in blue, along with uncertainty estimates (dotted). For each of the three plots in
Figure 1.2, the two middle points are moved such that their distances away from the
discontinuity decreases. We can see that when these two points are furthest away
from the discontinuity (top plot), the estimate of the boundary between regions is
very poor, but the estimates of f(z) away from the boundary are good. As these
middle points move closer to the discontinuity, the boundary estimate is improved,
but we end up with large fluctuations in the outer areas where the Gaussian process is
having to compensate for the abrupt change in scale. Therefore, I can conclude that
it is infeasible to model a system with two output solutions with a single Gaussian
process.

One approach to this problem in the GP literature is to use non-stationary
Gaussian processes. A non-stationary Gaussian process has a covariance structure
that varies throughout the input space, where there may be areas of higher variability.
This is applicable to models with two output solutions, as the two solutions are
assumed to have different output trends, and hence distinct underlying covariance
structures. Examples of these include changes to the covariance function (Schmidt
and O’Hagan, 2003; Volodina and Williamson, 2020), composite Gaussian processes
(Ba and Joseph, 2012) and treed Gaussian processes (Gramacy and Lee, 2009). Treed
Gaussian processes partition up the input space to fit different models independently
in each region while preserving continuity. Specifically, they divide the input space up
by making binary splits on the value based on a single variable so that the boundaries
between regions are parallel to coordinate axes. This is an iterative process, such

that new partitions are subpartitions of existing partitions. The main problem with



Fig. 1.2 Examples of emulating a step function with a Gaussian process. The true
function, f(x), is given in red, where the input range is x € [0, 20]. There are six
initial points at varying distances from the discontinuity boundary.

treed Gaussian processes is that partitions are made on straight lines parallel to
coordinate axes. This is similar to region partitioning using Voronoi tessellation
(Gallier, 2008; Pope et al., 2018) introduced by (Kim et al., 2005), where input
space is also partitioned similarly with disadvantages due to straight line partitions.
Both of these methods result in a loss of model flexibility, and potential errors when
boundaries between output regions are not linear. For the majority of these methods,
a quantitative output is required, which restricts the types of models and data that
can be used.

To ensure that any method developed here is applicable to a wide range of
examples, it is decided that the model outputs can take any form and be either
qualitative or quantitative. Possible outputs could be {high,low}, {red,green} or
just {0, 1} for the two separate regions. For example, we may have computer code

for a complex model that fails to run for certain input values (Edwards et al., 2011).
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In such an example, the data would correspond to separate binary outcomes of ‘runs’

and ‘fails to run’.

For these types of data, there is no valid quantitative form for the function,
and so there is a need for a method that does not model the entire system using
one Gaussian process. An alternative to modelling the system as a whole is to use
a method of classification (Rasmussen and Williams, 2006). Classification can be
used to split the input space into the separate regions according to their associated
outputs. For the computer example above, inputs with the output label ‘runs’ would
be classified as one region (Region 1), and inputs with the output label ‘fails to
run’ would be classified into another region (Region 2). It is sensible to separate
the regions as it would be inappropriate to model the system in one region using
information gathered from a separate region, where the relationships between inputs
and outputs are different. If the numerical model example is such that it has a
valid quantitative output, then we may be able to model the regions with separate
Gaussian processes once the classification has been completed.

A widely used method for classification is logistic regression (Hilbe, 2009; Kleinbaum
and Klein, 1994). Logistic regression is used to model binary variables by modelling
the probability of a certain event happening. The binary output variable can take one
of two values, 0 or 1, but the inputs to the model can be either continuous or discrete.
Improvements have been made by Diggle et al. (1998) to address the concept of
using a logit transformation to map the domain of a Gaussian process, S(z), on to
the unit interval. The main aim of their paper is to address the assumption of the
data being Gaussian distributed, and instead concentrate on situations where the
stochastic variation in the data is known to be non-Gaussian. This is an improvement
to logistic regression, as the structure of a GP can be incorporated to state levels of
uncertainty and spatial variation.

A spatial example is outlined in Diggle et al. (1998) concerning the risk of
campylobacter infections, as compared to other infections, in an area of north
England. Their data is treated as binomially distributed, relating to whether the

infection is either present or not, and is conditional on postcode location and



associated risk. A GP, S, is used as a basis of an empirical model used to model the
spatial variation through the probability of infections . To use the GP framework,
logit transformations are used to map the domain of S to the unit interval. For
calculating inference and prediction, the expected number of campylobacter cases Y;
given the GP, S, varies spatially only through S, and is estimated through MCMC
methods. This generates uncertainty in both the systematic and stochastic parts of
the model. The data Y; follow a classical generalised linear model (an example of
generalised linear mixed models). The role of the GP here is to explain the residual
spatial variation after accounting for all known explanatory variables.

In applying this to the proposed problem, I can consider modelling the separate
output regions as Bernoulli trials, where a success translates to being located in one
of the specified region or not. Using the logit transformation, we can then model the
probability of being classified into one of the two regions.

A similar method is outlined in Chang et al. (2016), where they consider ice
sheet models and binary data (0/1 values). The spatial input space is a specified
location grid, where the corresponding outputs are binary values which correspond
to 1 for when ice is present in a grid cell, and 0 for when no ice is present. The
authors’ aim is to model the probability of the presence of ice whilst also providing a
novel calibration method for computer models whose output is in the form of binary
spatial data. Their approach uses a logit transformation in a generalised linear model
framework with a latent Gaussian process. By assuming the elements in the model
output are conditionally independent given the natural parameters, the likelihood
function can be found.

One of the main problems with the methods of Diggle et al. (1998) and Chang
et al. (2016), and logistic regression in general, is that the elements in the model
output are conditionally independent. For an illustrative example, consider a simple
logistic regression that takes inputs z with corresponding binary outputs, f(x) =0
or f(x) = 1, where we model the probability p, P(f(xz) = 1|x). When predicting,
it is common to either let f(x) = 0 when p < 0.5 and f(z) = 1 when p > 0.5,

or to take an independent Bernoulli draw from p to give estimates of f(z) =0 or
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f(x) = 1. An example of this is shown in Figure 1.3. The top plot (red) shows the
true function, f(z), where f(z) =0 for x < 0.5 and f(z) =1 for > 0.5. Through
application of a logistic regression, the predicted probability of f(x) = 1 for all values
of x € [0, 1] is calculated, and shown in the middle plot (black). We can then take
independent Bernoulli draws from the predicted probability to give classification
predictions for each value of z, given in the bottom plot (blue). Although the model
predicts well for lower and higher values of x, there is an area around the boundary
where this is not the case. When the probability of f(xz) = 1 is close to 0.5, we
become increasingly uncertain of the predicted classification and it is easy for the
model to give misclassifications. This is shown by the ’spiky’ area in the centre of

the plot, which is unlike that of the true function we are looking for.

' ' ' ' '
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Fig. 1.3 Example of logistic regression. The top plot (red) shows the true function,
f(z) € {0,1}. Applying a logistic regression, the predicted probability of f(z) =1
for all values of z € [0, 1] is given in the middle plot (black). The bottom plot (blue)
shows draws from Bernoulli trials with the given probability to give classification

predictions for each value of z.



The ‘spiky’ region produced in this plot is due to the lack of distance related
correlation in the classification. The logistic regression produces a posterior distribution
for the probability of the output taking the value 1, which includes distance
information. However, when we sample from the distribution, or use it to make
predictions, we draw from an independent Bernoulli distribution. Drawing marginally
in this way, instead of from a joint distribution means that any correlation between
inputs is lost, causing far more misclassifications to happen. Such drawing is also
inconsistent with the correlated logistic regression.

Take a simple example, similar to that in Chang et al. (2016), concerned with
classifying areas of ice sheet and ocean. We assume just one spatial input along a line,
where we know whether there is any ice sheet present at any of four initial points.
The first two points are known to definitely be ice (Region 1) and the following
two points are known to be ocean (Region 2). Logically, there should be a much
higher chance of finding ice sheet close to where existing points are already known
to be ice (Region 1), rather than ocean (Region 2). If we drew points independently
close to these known points, then there is still a chance that we may result in a
misclassification; it is thus important to include some correlation proportional to
distance in our joint sampling.

Suppose we restrict this example with the advanced knowledge that there is only
one boundary between ice and ocean in our input space. The change in label can
happen anywhere between the two central points, and we assume a hard boundary
(i.e. in any realisation any point is either ice or ocean). The input space between
each pair of points in the same regions, however, must be classified with the same
label as the surrounding points. As we get closer to this boundary, the probability
of being classified into the first region becomes close to 50% as we are uncertain of
where the exact boundary lies. Hence, the draws from the Bernoulli distribution
become equally likely to fall on a 0 or a 1, and so there will be a section (close to
the boundary) where the classification may appear random (as seen in Figure 1.3).

Our draws are then unrealistic, because we know a hard boundary exists.
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Other examples of classification are discussed by Rasmussen and Williams (2006)
and Nickisch and Rasmussen (2008). In their works, input data points, z;, are
associated with separate class regions with corresponding class labels y; € {—1,1}.
The true system function becomes latent in the model, and is transformed using a
sigmoid function, so that the probability of being in one of the classes, P(y = +1]|z),
can be modelled. The class labels are assumed to be independently distributed
Bernoulli random variables. A posterior distribution over the latent values is found,
and the predictive class membership probability is obtained to classify new data points.
The main disadvantage with the method outlined by Nickisch and Rasmussen (2008) is
that part of the posterior distribution is not analytically tractable. This is because the
observation likelihood is no longer Gaussian. The remainder of their paper describes
different techniques to numerically approximate the posterior distribution for the
predictive class membership. These include Laplace Approximation, Expectation
Propagation and minimising the Kullback-Leibler divergence. This is also shown by
Chan and Dong (2011).

Whilst classical classification exists for sorting data into specified regions, the
methods are similar to the methods used by Diggle et al. (1998) and Chang et al.
(2016), neglecting any information regarding distance in the input space. This spatial
relationship between neighbouring points is valuable and should be incorporated into
our classification.

The aim of Chapter 2 is to develop a new method of uncertainty quantification
(UQ) classification for computer models that have two distinct labelled regions, and
where an output function is not necessarily quantitative across the whole input space.
The main aim for this method will be to include a distance correlation between
inputs whilst making classification predictions. A latent GP approach with region
labelling will be outlined in Chapter 2, along with model validation in the form of a
misclassification rate. Examples will be presented for both 1-d and 2-d problems,
with details of how we may tackle higher dimensions. Comparisons with existing
methods will be discussed, as well as insights into how we may solve the design

problem for this type of model. The method will be tested on an application that
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models reproduction rates in mammals. Conclusions and future work will be given
in Chapter 7.

An alternative to developing an entirely new classification method is to look into
multivariate correlated Bernoulli distributions. The main disadvantage with the
methods proposed by Diggle et al. (1998) and Chang et al. (2016) is the drawing
from an independent Bernoulli distribution. If we were to use these methods for
the proposed problem, we would model the probability of being classified into one
of two regions, and then draw from this to obtain 0/1 classifications. Drawing a 0
would represent one region, and drawing a 1 would represent the other. As we saw
in Figure 1.3, when the probability of being classified into one region approaches
0.5, this can result in many misclassifications because we are ignoring the distance
correlation by drawing independently. To solve this problem, I will consider drawing
jointly across the whole input space using a multivariate Bernoulli process.

Teugels (1990) introduces both multivariate Bernoulli and Binomial distributions.
A sequence of Bernoulli random variables, {X;, Xy, ..., X,,}, is considered where,
P{X; =0} = ¢ and P{X; = 1} = p; for 0 < p;, = 1 — ¢; < 1 are the marginal
probabilities of obtaining either a 0 or a 1. The author focuses on finding a

representation for the multivariate Bernoulli distribution,

DPki ko, sk — P{X1 =k, Xo =ko, ..., X;, = k?n} )

assuming that k; € {0, 1}.

The multivariate Bernoulli distribution therefore gives the joint probability of
each possible set of zeros and ones (successes and failures) for a given number of
individual Bernoulli trials. For example, if n = 2, then multivariate Bernoulli would

be set out as follows:
poo =P{X;1 =0,X, =0},

po =P{X; =1, X, =0},
por =P{X; =0,Xy, =1},

pn =P{X;=1,X,=1},
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where, poo+p10+po1+p11 = 1. This distribution can be expressed by three parameters,
E[Xi]=P(X; =1), E[X5] = P(Xy =1), and F [(X; — E[X;]) (X3 — E[X3])] which
are the central moments of the distribution.

The author continues to consider all cases, expanding to sequences of 0’s and
1’s of length n. For a sequence of length n, a probability is stated for each possible
combination of 0’s and 1’s, which makes up the distribution. Therefore, the method
requires 2" probabilities to be calculated which are dependent on 2" — 1 parameters
(either ordinary or central moments). These parameters consist of F[X;] = P(X; =
1), for each variable, X; and E [(X; — F[X}]) (X2 — E[Xs])], ..., E[(X1 — E[X4]) ....
(X, — E[X,)])] for every possible combination of variables, X7, ..., X,,.

Although the work by Teugels (1990) successfully defines a multivariate Bernoulli
distribution for our classification problem, there are vital improvements to be made.
The main problem is the large number of parameters required for even fairly short
sequences of 0’s and 1’s. This would produce large combinatorial problems for
sequences even as short as n = 10. Hence, it is vital that I either find a way of
reducing the number of parameters or develop an alternative method that is less
computationally challenging. It may also be difficult to expand this method to higher
dimensions, where it is highly likely that the number of parameters will become far
too large to cope with.

Secondly, it would be ideal if we could control the amount of correlation that is
spread across the 0’s and 1’s. The aim of this work would be to develop a correlated
Bernoulli process so that we could produce sequences of 0’s and 1’s where correlation
is a function of distance. This is similar to the correlation function in Gaussian
processes. Enforcing this would mean that points that are closer together are more
likely to have the same symbol (0 or 1) and so groups of 0’s and 1’s would be more
likely to appear.

Therefore, Chapters 3, 4, 5 and 6 focus on developing a correlated Bernoulli
process. I focus on developing a new method, only taking inspiration from the work
by Teugels (1990), using the structures from a concept known as de Bruijn graphs,

which are described in Chapter 3. Chapter 3 is also where 1 will show how we can
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use de Bruijn graphs to develop a correlated Bernoulli process, which I will define as
a de Bruijn process. Examples are given and further work including properties and
inference are detailed in Chapter 4. Chapter 5 attempts to expand the de Bruijn
process to two and higher dimensions, whilst Chapter 6 moves towards developing a

non-directional de Bruijn process. Conclusions and future work are given in Chapter

7.






Chapter 2

Latent Gaussian Processes for

Labelled Outputs

2.1 Introduction

In Chapter 1, I demonstrated the need for a classification method for complex
numerical models with two distinct labelled output solutions. The disadvantages of
current methods, such as logistic regression (Chang et al., 2016; Diggle et al., 1998),
make it clear that we need to take account of the correlation distance in the input
space.

To impose a distance measure on the inputs when classifying, I insist that the
input space is a vector space (Strang, 2006). A useful tool which satisfies this
constraint is a Gaussian process emulator (O’Hagan, 2006). Gaussian processes
enable us to state some levels of uncertainty to any estimates or predictions, which
is crucial when working with complex simulators. It is also the case that certain
applications do not have quantitative simulator or model function outputs. For
example, we may have outputs {fail, not fail}, {red, green} or just {0, 1} for our two
separate labelled regions. Therefore, I aim to ensure that the method I will develop
here can also cope with these types of problems.

In this Chapter, I develop a new method that encapsulates the ideas of both
general classification and uncertainty quantification, which is applicable to a wide

range of applications, and includes distance correlation between model inputs. I
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will include ideas from Nickisch and Rasmussen (2008) and Chang et al. (2016) to
model the regions using class labels in latent space with a Gaussian process, and use
Metropolis Hastings and Gibbs sampling Bayesian methods (Brooks et al., 2012) for
model estimation. Due to the unique set up of the problem, the likelihood and prior
specifications for the Gaussian process are important, and are therefore discussed in
detail. As a method of model verification, I perform a leave-one-out cross validation
(Rasmussen and Williams, 2006) to calculate a misclassification rate for the input
space. A possible method for the design problem based on both trying to improve
the classification estimation and providing a space filling design is discussed.

A motivational example has been supplied by Voliotis et al. (2018), the subject
of which is the reproductive system in mammals. Their model has two dimensions,
consisting of a set of coupled ordinary differential equations describing the quantities
of certain hormones linked to the causes of high and low rates of reproduction. Thus,
this system has two distinct labelled output solutions (high and low rates). Being
able to model the system, and locate the areas of input space associated with low
and high rates of reproduction means that not only can we aid predictions on the
reproduction rate, but we can also have a better understanding of the specific input
parameters that are associated with high rates of reproduction.

In Section 2.2 I give an outline of my method, including a brief overview of
Gaussian processes, a simple 1 dimensional example and alternative methods. In
Section 2.3, I then discuss my approach to model validation. In Section 2.4, I explain
some of the prior choices that are vital to the proposed method. Section 2.5 expands
the method to a 2 dimensional example, followed by some comparisons with existing
methods in Section 2.6. I then make an attempt at the design problem in Section
2.7, and apply it to a more complicated example in Section 2.8. The motivational
example is outlined in Section 2.9. Finally in Section 2.10, I finish with a discussion

and overview.



2.2 Methodology 17

2.2 Methodology

2.2.1 Latent Model

Let X be a normed vector space with norm ||.|| (Strang, 2006). Further, let x =
X1,...,X, € D € X be inputs to a model in p dimensions that lie within X'. The
input space, D, is partitioned into 2 regions, R and R, such that R U Ry, = D and
RiNRy,=10.

The function, f(.), that maps the inputs, x € D, to the outputs of the model,
f(x), may lie in real (or complex) space, but may also be qualitative (e.g. fail/not
fail) or simply take values f(x) € {0,1}. To ensure generalisability of the method, I
define the function, A(.), which assigns a class labelling to each of the input data

points, xX1,...,X, as follows:

AZDP—){ll,ZQ}; A(X):ll \4 x € Ry,
(2.1)

A(X) = lQ V xe€ RQ.

To see the applications of this, consider the example of a computer model that
only runs to completion for certain inputs, x. The simulator output is labelled,
f(x) € {fail, not fail}. The inputs that lead to a failed run will lie in R; and be given
label [; (fail). Then, all inputs that run to completion will lie in Ry and be given
label I3 (not fail). By modelling A(.), instead of the output function, f(.), we are now
living in latent space, where the latent variable is a quantity that is not observed
directly, but rather inferred from the region observations. For each input point, x,
there is a class label, A(x) and a separate function output, f(x). By modelling A(x),
the classification can be modelled regardless of the form of the output values, f(x).

A(x) is modelled using a latent Gaussian process (GP), n(x), so that:

i VxeD :nkx) <0
A(x)[n(x) = (2.2)
lo, VxeD:nkx) >0,

and 7n(x) ~ GP(m(x),v(x,x’)). Note that f(x) does not enter the model.
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A Gaussian process (Haylock and O’Hagan, 1996; O’Hagan, 2006; Sacks et al.,
1989; Santner et al., 2003) is a generalisation to infinite dimensions of the normal
distribution that defines a distribution over functions (Kennedy and O’Hagan, 2001).
Any finite collection of random variables from a Gaussian process has a multivariate
Normal distribution. GPs are fully defined by their mean function, m(.), and

covariance function (or kernel), v(.,.), (Rasmussen and Williams, 2006) where:

m: Dr— R; m(x)=E[nx)],

v:D x Dr—R; v(x,x') = Covn(x),n(x')].

The mean function allows us to input any prior beliefs about the form of 7. Here
I will only consider Gaussian processes with linear prior mean functions, specified in
the form: E[n(x)|8] = h(x)? B, where h(x) is a vector of basis functions of x, and
B is a vector comprising of unknown coefficients. The choice of basis function is
generally based on expert information about the simulator, or on the behaviours
of the actual system. It is assumed that the latent Gaussian process is stationary
such that Cov[n(x),n(x")] is a function of distance, ||x — x'[|, where ||x|| = (x,x'),
with (x,x’), is an inner product in space. The covariance function is written as
o?c(x,x), where 2 is the process variance and c is a known correlation function
of ||lx —x'||. A common choice of correlation function is the squared exponential;
c(x;,%;) = exp {—M}, where 0 is the correlation length parameter controlling
the smoothness of the process (how much it can be perturbed as the inputs are
varied). The covariance function ensures that the classification is dependent on the
distance between the inputs, x. Other common choices of covariance function include

powered exponential and Matern (Paciorek and Schervish, 2006; Rasmussen and

Williams, 2006).
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To update the prior Gaussian process with data A(x) = A(xy),...,A(x,), we
require the likelihood, P(A(x)|n(x)), where:

P(A(x)|n(x)) = P (n(z1) < 0,n(xs2) <O0,...,n(x;) <0,n(xj41) >0,...,n(z,) >0)

/_o ,./_OOO/OOO.../Ooogb(n(xl),n(aa),...,n(xj),n(g;jﬂ)’,__’

(e 9]

n(z,)) dridzs ... do,.

Without loss of generality, the first j points are labelled /1, and the remaining
points are labelled l5. The main difference between the likelihood of an ordinary
Gaussian process and the latent one here is the use of a joint cumulative distribution
function instead of the probability density. It is also crucial to note that the likelihood
used here is a joint distribution (rather than a product of marginals) as the data
are not independent. By choosing the likelihood as so, we put no constraints on
the specific values of the generated Gaussian process, just their signs. The form of
this likelihood is analogous to the Gaussian process fitting seen in Gosling (2005)
and in Gosling et al. (2007). I sample from the posterior, P(n(x)|A(x), 8,02, 9),
using an MCMC algorithm, which is discussed below. Note that by sampling from a
joint distribution, we are are able to classify whole sets of points in the input space
simultaneously, as well as individual points.

*

In order to classify a set of new points, x* = x7, .., x),, We require joint samples

°) m?

from the posterior predictive distribution:

Pn(x")|A(x)) =//P(n(X*)In(X),9)P(77(X)|9,A(X))P(9|A(X)) dn(x)de,

where, 6 = (B,02,0).

We can obtain a set of samples from P(#|A(x)) using Metropolis Hastings MCMC
(Brooks et al., 2012; Chib and Greenberg, 1995; Gelman et al., 2013). Markov
chain Monte Carlo (MCMC) methods refer to a collection of algorithms that are
designed to approximate random samples from probability distributions that would

cause problems if we were to try sampling directly. The general Metropolis Hastings
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algorithm works by iteratively constructing a Markov chain such that its stationary
distribution, p, is the distribution of interest. As such, the distribution of the next
sample is dependent only on the current sample value. A likelihood function is used
which must be proportional to the distribution we want to sample from. As the
chain of samples gets larger, the distribution of the values becomes increasingly
close to estimating the desired distribution exactly. At each time t, the next
state of the Markov chain, 6;,4, is found by sampling a candidate value, 6*, from
a proposal distribution ¢(.|f;). The candidate is then accepted with probability

a(0*|0) = min(1, A), where:
p(67)q(0167)
p(0)q(6716)

If the candidate is accepted, then the chain moves to the new state, ;.1 = 0*. If the

candidate is rejected, then the chain still advances to the next step, but its value is
exactly the value of the previous state, 6,1 = 6;. This process iterates a set number
of times until the stationary distribution of the Markov chain is exactly the unknown
distribution, p.

Given a sample from P(n(x)|0, A(x)), we can then easily sample from:

nx)n(x),0 ~ MYN (m"(x"),v"(x",x7)),
m*(x") = m(x") + v(x", x)v(x, %)~ (n(x) — m(x)),

cH(x*,x) = o(x, x*) — e(x*, x)c(x,x) e(x, x¥).

Sampling from P(n(x)|0, A(x)) is not so straight forward. We could perform a
rejection sample, similar to that seen in the ABC (Approximate Bayesian Computation)
literature (Turner and Van Zandt, 2012; Wilkinson, 2008), but such methods are
extremely inefficient for even modest ensemble size n. Rejection sampling requires us
to sample many latent Gaussian processes from a multivariate Normal distribution,
where the sign of every n(z;) must agree with the respective model labels, A(z;),
simultaneously. If only one point does not agree with the corresponding label, then
we still must reject the whole sample, making this method very inefficient. Therefore,
we must include an ABC step (ABC-MCMC) in estimating the GP. The likelihood

down-weights the chance for a wrong draw to occur, but there will still be cases
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where the GP draws do not match with the negative/positive labelling. An ABC
step at the end checks these draws, and removes any that shouldn’t be there.

My solution is to use a Gibbs sampler (Brooks et al., 2012; Gilks et al., 1996),
making use of the full conditional distributions by going through each variable in turn
to sample from its conditional distribution, whilst the remaining variables are fixed
at their current values. This is possible as all variables have a Normal distribution.
Algorithm 1 outlines the Gibbs sampler used to generate posterior samples from
P(n(x)|0, A(x)). Using a Gibbs sampler ensures that the correlation between points
remains the same, and computational time is saved by about a third as compared to

the full ABC-MCMC.

Algorithm 1 Gibbs Sampling

1: Start with initial values 77&0), e ngo)sampled from prior distribution
2: for i =1,2,... do

3~ POy g )

4:

5 0 PO, D )

6: :

T n® ~ P®nt” 0t .ni)

8: end for

Before using a Gibbs sampler to generate posterior samples, I attempted to use
an alternative method to sample conditionally, in an effort to minimise computation
time. This was managed using the Normal conditioning equations (Kotz et al., 2000)

shown below:

Nini—1, s m ~ N(Enylni-1, ..., m], var[n;|n;_1, ..., m]) ,

nj-1 — E[n;—1]
E[n;|n;-1, .. m] = Eln] + covlny, (n-1, ... m)var[njy, ..., m] ™" : :
m — Efn]
var(n;|n;_1, ..., | = var[n;] — cov(n;, (nj—1, ..., m)|var[n;_1, ..., m]
X cov[(Mj=1, s T), 15] -

(2.3)
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Equation (2.3) allows us to draw n times from a univariate Gaussian distribution
instead of a vector length n from a multivariate distribution. Using this method
ensures that the correlation between points remains the same and we minimise
computation time. The pseudocode for the method is outlined in algorithm 2, where
s is the number of draws taken from the Latent Gaussian process. Instead of rejecting
the whole sample, we only reject each individual value for n(x;) if it does not agree
with the corresponding labelling, n(x;). We never reject any individual n(x;) values
that are shown to agree with their corresponding label. The conditional sample
comes from the same target distribution as the joint sample due to all distributions
being Normal. The first sampled point is not conditional on anything, but the
remainder of the sampled points are conditional on all previous points, and the
normal conditioning holds due to Normal theory (Kotz et al., 2000).

I did not persist with the above method because I could not prove that this method
was sampling from the same posterior predictive distribution, P(n(x)|0, A(x)). To
make sure that I was sampling from this distribution, I moved to a Gibbs sampler as
everything was Normally distributed and the full conditionals are known.

When using the conditional sampling method outlined above, the ordering of
x € D becomes very important. If the points are ordered by first including all those
with label [; followed by all those with label, I3, as in Equation (2.3), then the main
expense comes from sampling the first point with label Il (the first time that n
switches from negative to positive). The computational expense is greatest when the
conditional variance from the previous points is very small and the Gaussian process
finds it hard to make the jump into positive space. To improve on this, the points
are re-ordered as shown in Algorithm 2. There are n,; points known to be in R?; and
(n — n;) points known to be in R,. Distances are calculated and ordered for each
pair from x; € R; and x5 € Ry (lines 2-3). These pairs, (x1,X3), are then added into
a new matrix, M, one at a time starting with the pair having the smallest distance.
A pair is not added if one of the points is already included in M (lines 4-9). Once
this has been completed for all pairs of points, if there are more points in one of the

regions, then these remaining points are added to the end of M (lines 10-14). For
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Algorithm 2 Conditional Sampling

Re — ordering :
Calculate Euclidean distance between each x; € R; and each x5 € Rs
Order pairs, (x1,X2); k= 1,...,nj(n —n;), according to distance
M is an empty p X n matrix
for k=1,...,n;(n —n;) do

Select (x1,X2)

if X1 AND X9 ¢ M

add x; AND x5 to M

end if
end for
:fori=1,...,n do

add x; to M
end if
. end for
. Sampling :
: for 1=1,...,n do
draw n; ~ MVN[EWW—h ooy My var [ mi-a, ---,771]}
while sign(n;) does not agree with A(z;) do

draw nf ~ MVN[]E[mW_l, oy ], var[n iz, ..o 7}1]}
end while
ni =1;
- end for

NN NN M s = = = e e
WY P2 9 XN eQ

the example in the following section we will have 5 points in R; followed by 7 points
in Ry. This translates to ordering the points alternately outwards from the interval
between R; and Ry. Again, I did not persist with this method since the ordering of
the points does not affect the computability of a Gibbs sampler.

The methodology presented in this chapter is designed for classifying and dealing
with numerical models that have exactly two solutions. For models where there are
more than two solution regions, I would suggest a nested approach by splitting up
the problem into a series of binary classifications. For example, say we had a model
where we knew there were three separate regions to be classified. I would first apply
the method to the regions labelled as Region 1 and not Region 1. Then for the points
labelled as not being in Region 1, I would build a separate latent model to further
classify the points lying in Regions 2 and 3.

For a future research problem, it would be of interest to examine whether the

proposed methodology could be adapted to cope with a larger number of solution
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regions. However, given that I have used the negative and positive divide in the

latent Gaussian process, this may be challenging.

2.2.2 An Illustrative Example in 1 Dimension

To illustrate the concept, I now apply my method to a simple example, the results of
which are shown in Figure 2.1. For inputs x € [0, 20], the true labelling function, A,

is set to be:

Loifa<T
A(z) =

ly if x>7.

The initial inputs are x = {0,1,3,5,6,8,11,12,15,17,19,20}, where inputs
x =40,1,3,5,6} are known to be in R; and are given label [;, whilst the remaining
points, x = {8,11,12,15,17,19,20}, are known to be in Ry and so are given label
l5. T have chosen a linear prior mean function for this example, and have applied a
linear transformation to the inputs to help with the estimation of 1. See Section 2.4
for a discussion on these prior choices.

The latent Gaussian process is estimated following the method outlined in Section
2.2.1. Once a prediction for the labelling function, A, is obtained, the boundary is
estimated to be 7.15, as shown by the solid red line in Figure 2.1. This is a reasonable
result since the boundary was set to be x = 7, and the model was not provided with
any knowledge of where the boundary actually lies. If the boundary was actually
x = 6, then the initial information used to estimate the Gaussian process would not
differ. This high level of uncertainty in the results is shown by the credible intervals
for the estimate being large, roughly equal to the bounds of R; and R, that the

example was set up with.

2.2.3 Alternative Methodology

In this subsection I will outline two alternative attempts to the problem set out
previously. Due to computational constraints, and the associated difficulties of

extending to higher dimensions, I do not employ the methods detailed below, but
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Fig. 2.1 1 dimensional example with 2 output regions. The posterior mean of the
latent Gaussian process (solid blue) is shown along with the prior mean (dashed
blue), true boundary (dashed red) and boundary estimate (solid red). Both have
95% credible intervals included (black/grey dashed lines). Initial data points are
shown in orange with size corresponding to misclassification.

they are included for interested readers. Note that these methods were only developed
for a one dimensional example, but could be expanded to higher dimensions.

My initial frequentist approach was to use the EM algorithm (Dempster et al.,
1977) to model the latent process as a missing information problem. The EM
algorithm is an iterative process that involves two steps: the expectation step (E-
step) and the maximisation step (M-step). Carrying out the algorithm will produce
not only maximum likelihood estimates of the parameters for a probabilistic model,
but also an estimate for the model itself. It was introduced by Dempster et al. (1977)
and is a generalisation of maximum likelihood estimation used on incomplete data
sets. The general problem with using standard maximum likelihood for incomplete
data is due to the log likelihood, £(6;x), having multiple local maxima and no closed
form solution (Do and Batzoglou, 2008). By using the EM algorithm, a unique
global maxima can be found. The E-step estimates the complete-data by taking
the expectation conditional on current maximum likelihood estimates of the model

parameters, §. During the M-step, £(0;x) is maximised to find an estimate for 6
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given the current values of the data. The method proceeds by iterating the E and M
steps. Convergence to a local maximum is guaranteed (Dempster et al., 1977), but
can be slow.

We can apply the EM algorithm to the latent variable problem above to estimate
the latent Gaussian process, 1(x) as well as the parameters, § = (3, 0,0). Data are
defined as censored if there is only partial information known about its value. It is
certain the data lies beyond a boundary point, but it is not known exactly how far
above or below (Harrell, 1979; Harrell and Sen, 1979). This is therefore suitable for
my problem since we are outlining a latent model where there is no record of its true
value. We still keep the labelling function A(.) as used in Section 2.2.1, but the main
difference comes in the modelling of A(x) when conditioned on the latent Gaussian

process. A(x) can now be modelled using 7(x), so that:

i VxeD:nkx) <y
Ax)In(x) =
lg VxeD: ’I](X) > ¢

Treating the problem as a censored data problem, we no longer use the negative/
positive labelling with a threshold at zero, but instead use the EM algorithm to
estimate the threshold boundary between the two regions and label this, ¥. The
n; number of points with label /; (Region 1) are known to take any value below a
boundary, n = ¢, and the remaining (n — n;) points with label I, (Region 2) are
known to take any value above . Each of the inputs are censored differently. The
input values never change, it is the value of ¢ that changes as the parameters of the
Gaussian process change. A threshold can be made here to find the approximated
boundary between regions. Hence, it is suitable to fit a censored EM algorithm.

In the likelihood step (M-step), the likelihood is maximised to find the parameters,
B, o, and 1. As before, B is a vector of unknown coefficients, o2 is the GP variance
and ¢ is the correlation length parameter. For an uncensored Gaussian process,
the likelihood would simply be the multivariate normal distribution, but here it is
necessary to incorporate knowledge of the boundary. Specifically, the fact that there

are n; points below n = 1, and (n — n;) points above n = 1. Again, we must take
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account of the correlation between data points with the likelihood being a single
joint Gaussian, rather than the product of n; normal distributions multiplied by

(n — n;) normal distributions. Therefore, the likelihood becomes:

1
202

P(xy <)P(x2 <p)... P(xy, < Y)P(2n41 > ) ... P(zn, > 1)’

£ — A[~V2(2m0?) 2 exp { — 3 (x — HB)TA ™! (x — HB)}

where H = (h(zy),...,h(x,)), with h(x) being a vector of basis functions of x,
and A is an n x n covariance matrix with entries A;; = o2c(x;, ;) as defined in
Section 2.2. The numerator is a multivariate Normal density and the denominator
takes into account the censoring but is only an approximation due to the data
correlation. The denominator treats the points as if they are independent, which is
unsuitable for retaining a correlation between input values. The simplification that
leads to independence here is considered not to make much difference to the overall
approximation of the latent process.

To save computation time, the B parameters in the likelihood are set to zero
(constant), adding another degree of freedom. One of the largest contributors to
computation time is the maximisation of the length parameter, . To overcome this
problem, I do not incorporate it in the same maximisation as ¢ and v, and is instead
only calculated every 4 or 5 iterations. This greatly reduces computation time with
little change in the final latent process approximation. ¢ is also transformed using
a logarithmic transformation, 7 = 2log(d) before the likelihood is maximised using
maximum likelihood. Another common tool used to speed up maximisation is to
differentiate the likelihood analytically and use the gradient to aide the maximisation.
Due to the complexity of the likelihood, this is not attempted here.

The expectation step (E-step) is much simpler than the maximisation step. We
need to calculate the expected value of the points from the latent Gaussian process,
7, given the current estimate of the parameters, 6, and known input values, x. For
the EM algorithm, it is necessary to give initial values for the n(x) estimates. These
are entirely arbitrary, but I have chosen to let n(x) = —1 for those labelled I; and
n(x) = 1 for those with label /5. Once actual values for the latent process have been

estimated from the expectation step, the maximisation of the likelihood should be
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improved. This is due to Gaussian processes not coping well with modelling step
functions, which are obtained here with the initial n(x) = —1/1 values.

The process iterates between the E-step and the M-step until the difference
between consecutive parameter estimates is smaller than a specified tolerance. The
EM algorithm produces the estimated values for the latent Gaussian process at the
end of the iterations. This is as well as estimating the parameters for the GP and

the boundary, where the thresholding is done automatically.

=

. / \

Ed
.
’
.
-
- e == —
- = ~-
l’ _f‘ "'-._‘_
. s . S.
-
X ’ -
= 0
-
- -
- -
= -
-
#
.
/ -
1 -
-

Fig. 2.2 Example from Figure 2.1 using EM algorithm. Posterior mean for the
latent Gaussian process (blue) along with uncertainty bounds (dashed) and boundary
estimate (red).

The simple example from Section 2.2.2 is now used to illustrate how the censored
EM algorithm is applied to the problem. The inputs are, again, a vector of 12
integers ranging between 0 and 20, with the undefined boundary situated in the
region [6, 8]. As before, those points in the range [0, 6] are given class label [; (region
1) and the points in the range [8, 20] are given class label l; (region 2). By making the
assumption B = 0, the algorithm produces an estimate for the parameters 1, 02, d,
as well as the latent GP, n(x). With starting values ¢ = 0,02 = 1, = 1, the process
iterates between the E-step and M-step until the difference between consecutive

values is smaller than 1075. The latent Gaussian process is shown in Figure 2.2 along
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with the estimate for the region boundary. The GP is thresholded at ¢y = —0.123,
resulting in the boundary lying at x = 7.50.

Overall, the EM algorithm seems to find the boundary sufficiently well, only being
slightly higher than the estimate in Figure 2.1 at x = 7.15. However, the method
does estimate the latent Gaussian process quite badly as shown in the uncertainty
bounds in figure 2.2. I would favour the Metropolis Hastings method over the EM
algorithm due to slow convergence and difficulties in expanding to higher dimensions.

I also considered other Bayesian methods, for which an alternative to Metropolis
Hastings (used in Section 2.2.1) is approximate Bayesian computation (ABC) (Turner
and Van Zandt, 2012; Wilkinson, 2008). This is specifically useful when the likelihood
cannot be fully specified and so standard methods of Bayesian estimation are difficult
to apply. ABC works by simulating predicted model data and comparing with the
known observations to estimate the posterior distribution for the model parameters.
The most basic form of ABC is based on a rejection algorithm where a set of
parameters, , are drawn from a prior distribution 7(#). These parameters are
then used to simulate data X from the unknown model, n(f), and are accepted or
rejected according to a given comparison criteria with the observations, Y. Here, 0 is
accepted if p(X,Y) < 4§, where p(.,.) is a measure of distance, usually taken to be the
Euclidean distance, || X —Y|| (Turner and Van Zandt, 2012). All accepted values of 0
come from an approximation to the true posterior distribution. J is a small quantity
that specifies how close the approximation is to the true posterior distribution. When
0 = 0, the distributions are equal, but as § — oo the approximation then becomes
equal to the prior distribution (Wilkinson, 2008).

I use a version of ABC-MCMC to estimate 7(.), given the labelling function, A,
that I defined for the Metropolis Hastings version in equation (2.1). I no longer
estimate the threshold boundary as in the EM version, but return to the specifications
made in equation (2.2) where we model A(.) using 7(.) thresholded at zero. Hence,
by applying this method, we obtain an estimate for the latent GP parameters,
0 = (B,0,0) that generates draws that are negative in all input space of the region

labelled [; and positive in the input space of the region labelled [5.
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The algorithm starts with an initial value 6y for 6, then a candidate, 6*, is
proposed from a prior distribution 7 (). 6* is used to simulate data from the GP,
which is then accepted or rejected according to specified criteria. To ensure the
Gaussian process meets the criteria, 8* is accepted if the signs of the estimated data
and observations agree, and then 6; = 6*. If not, * is rejected and 6, = 6,. This
process continues iteratively until there is a chain of values {6, 01, ..., 0,,} that form
a sample from the posterior distribution, where m is the number of iterations of the
algorithm. Hence on the (i + 1) iteration, 0* is simulated from 7(6). If accepted
we set 0,11 = 0%, otherwise 6;,1 = 0;.

To illustrate the concept, the same example from the Metropolis Hastings (Figure
2.1) and EM algorithm (Figure 2.2) is shown in Figure 2.3. As in Section 2.2.2, the
points in Region 1 are given the label [; and the points in Region 2 are given the
label I3 and the latent GP is found conditional on this. At each draw from the prior
distribution, a sample of § = (3,02, 0) is taken and accepted or rejected according
to the given criteria. If the sampled latent GP, n, is negative for values in Region 1,
and positive for values in Region 2, the proposed @ is accepted. Alternatively 6 is
rejected and a new proposal is drawn from the prior. After an estimate for the latent
process has been found, it is then thresholded at n = 0 to give a value of = for where
the boundary between regions lies. I find this to be x = 7.05, which is shown by the
red line in Figure 2.3. This is a reasonable estimate that is similar to the estimates
found from using the Metropolis Hastings and EM algorithms.

Overall, I have found that the Metropolis Hastings methodology is best suited for
my problem since it involves the likelihood, making the estimate far more accurate.
As well as this, it avoids the large rejection rate involved in using ABC and can
be easily expanded to higher dimensions. As the dimension increases, the rejection
rate in ABC also increases rapidly, making Metropolis Hastings a far more efficient

method.
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Fig. 2.3 Example from Figure 2.1 using ABC algorithm. Posterior mean for the
latent Gaussian process (blue) shown along with the boundary estimate (red) and
95% credible intervals for both (dashed). Initial data points are shown in orange.

2.3 Misclassification

The method of model validation I use is based on a leave-one-out cross-validation,
where the pseudocode is given in Algorithm 3. In uncertainty quantification, this
usually involves leaving each training point out in turn, fitting a Gaussian process
to the remaining points, and then using this to predict the point that was left
out (Rasmussen and Williams, 2006). Given that my method models the class
labelling function, A, I adapt this slightly to calculate a misclassification rate to
see which of the initial inputs are more likely to be influential to the classification
prediction. A leave-one-out cross-validation is performed on samples taken from
P(n(x)|3,02,0,A(x)) to predict the class label of each point left out in turn. From
these samples, I calculate the proportion of times each point is misclassified. Points
that have a large misclassification rate are likely to give an indication that the
surrounding areas will have high uncertainty when making classifications. We expect

points close to the boundary between R; and R, to have a high misclassification rate,
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and points where there are many neighbouring points (where we have high levels of

information) to have a low misclassification rate.

Algorithm 3 Misclassification Rate Using Leave-one-out Cross-Validation

1: Leave-one-out cross validation:
2: C is a zero vector of length n
3: for j =1,...,10000 do

4: for:=1,...,n do

5: Let x9) be a sample from P(n(x)|3, 02,6, A(x))
6: x* :xgj),...,ng_)l,xl(fl,...,xg)

7 Fit n(x*)|A(x*) ~ GP(m(x*), v(x*,x’")

8: Predict A(ng))|77(x*)

9: if A(x7) £ A(x;) do

10: C,i=C;+1

11: end if

12: end for

13: end for

14: Misclassification rate = C'/10000

Leave-one-out validation applied to the example is Section 2.2.2 in shown in Figure
2.1, where the size of the data points corresponds to the rate of misclassification. As
expected, the rate is largest for the two points either side of the boundary. In a 1-d
example such as this, these points are the most critical since they are the points that
restrict the boundary to a precise region of input space. It is also interesting to note
here that the remaining points have a misclassification rate of almost (but not quite)
zero. In fact, we can see that this is due to the latent process occasionally crossing
the axis. For each point in this example, I find that roughly this happens for every 1
in 250 samples and an example draw is shown in Figure 2.4. This is caused by both a
large gap between points and the Gaussian process having a short correlation length
parameter, leading to the latent process having the chance to bend quickly over the
1 = 0 threshold between known points in the same region. I have not specified that
the latent model only has one boundary. This highlights the fact that prior choices
can have a large effect on a method such as this with minimal initial information. I
discuss this further in Section 2.4.

Figure 2.5 shows the result of fitting a Gaussian process to the misclassification
rate from Figure 2.1. This means that we can predict the misclassification rate for

any point and get a general idea for the overall misclassification across the input
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Fig. 2.4 Plot to show an example of a draw from the latent Gaussian process in
Figure 2.1 when one point is left out in a leave-one out cross validation. The point,
x = 15, is left out and a GP (blue) is fitted to the remaining points shown in orange.
This is then used to predict the point left out (green). This plot shows a rare case
when the point left out is given the wrong sign and classification.

space. When performing this, I had to make sure to transform the data so that
I did not get any negative misclassification for any points. I could not use a log
transformation because this could produce zero misclassification in some places;
therefore I transformed the data by taking the square roots. The plot is as expected;
a large misclassification across the boundary where we have no knowledge of the
classification of points, then almost zero for the rest of the input space where we

have more information.

2.4 Prior Choice Methodology

Based on the example in Section 2.2.2, it is clear that it is important to place suitable
priors on the model parameters and the prior mean function (Currin et al., 1991).
One interesting aspect of Gaussian processes is their behaviour in the far edges of

the input space. As Gaussian processes get far away from any data, they revert to
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Fig. 2.5 Gaussian process fitted to the misclassification rate in Figure 2.1. The
expected mean is shown in blue, with original training point (orange) and
uncertainty (dashed). A square root transformation is applied to ensure a negative
misclassification does not occur.

the prior mean, m (Sacks et al., 1989). This would be a problem for, say, a constant
prior mean. If a constant mean function is placed on the Gaussian process, then
we start to observe the overall latent process tending towards the horizontal prior
mean in the edges of our input space. Given that I have chosen 7 to be negative
or positive according to the labelling, a constant prior mean may be estimated to
be close to m = 0 and we find that it is very easy for the process to switch signs,
forcing a misclassification.

In many cases, we will have extra information in the initial data that will help
us to choose a more appropriate prior mean function. For example, we might use
a prior mean function based on whether both regions are simply connected, or on
the number of times the latent process is expected to change signs over the whole
input space (for example by using a polynomial of that degree). Hence, any expert

knowledge from the system modeller is very useful, particularly if they know how
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many distinct regions are expected. In a situation such as that in Figure 2.1, I had
extra knowledge that there were only two output regions and so it should be the
case for the latent variable to only cross the z-axis once in the input space. I thus
used a linear mean function which forced the latent Gaussian process away from the
z-axis and bound 7n(z) away from zero near the edges of the domain.

The right plot in Figure 2.6 shows the effects of choosing a constant mean function
for the 1-d example. Although the boundary estimate between R; and Ry is almost
the same as in the linear version in Figure 2.1, the latent process is significantly
different. We can clearly see that the Gaussian process is returning to the prior mean
(dashed blue) at the edges of the plot. Further, the misclassification rates are also
much larger here, confirming that we are much more likely to see misclassifications

when using a constant mean function.

misclassification_rate

X 5 || = 02 =

03

X X

Fig. 2.6 Same example as of Figure 2.1 but with some prior changes. The left plot is
where the data are not transformed and the prior mean (blue dashed) crosses close
to the origin (0,0). The right plot shows the effect of choosing a constant prior mean
function.

If instead, one region was split either side of the other region as shown in Figure
2.7, then it would be sensible to place a quadratic prior on the mean function,
ensuring the Gaussian process would not return to the z-axis (where n(z) = 0) in
the extreme values of the input space of the outer region. The plot in Figure 2.7 is a
simple 1-d example where the left and right sections are region 1 (A(z) = [1) and the

middle section is region 2 (A(x) = l3). For inputs x € [0, 20], I set the true labelling
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function, A, to be the following:

l{, fx<40Rx>14
A(z) =

lo if4>2<14.

The orange points show the initial input points for both regions with their size
denoting the corresponding misclassification rate. For the right plot in Figure 2.7, the
latent Gaussian process was estimated using a quadratic prior mean function, whilst
the left plot was fitted using a constant mean. If we compare the two, we can clearly
see that the latent GP in the constant version is beginning to curl up at the edges as
it attempts to return to the expected mean which is close to the axis. This does not
happen when we use a quadratic mean (right figure) as we have the extra constraint
in the prior. Thus, we are much more likely to find a misclassification in the constant
version than the quadratic (this is confirmed by the size of the misclassification
rates). The constant plot has much larger misclassification rates in the two edge
points due to the GP attempting to return to the mean, whilst the two edge points
for the quadratic plot have a zero misclassification rate. Although the points either
side of the boundaries for both the plots are by far the most misclassified (being the
largest), they are overall smaller in the right plot. This is likely to be due to the

quadratic shape I am enforcing, as it must cross the axis twice over the input range.
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Fig. 2.7 1-d example where region 1 is split either side of region 2. The initial points
are shown (orange) along with the expected latent Gaussian process (blue), estimated
borders between regions (red) and uncertainty for both (dashed). Misclassification
rates are shown by the size of the initial data points. The left plot shows the example
with a constant prior mean and the right plot shows the example with a quadratic
prior mean function. These are shown by the blue dashed lines in both plots.
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In two dimensions, if we had a circle as one region, and the outer remaining space
as the other region, then we could choose to fit a quadratic mean function. Or, if we
had two distinct circles as one of the regions and the outer remaining space was the
other region, then we could consider fitting a quartic mean function.

Although these would appear to be sensible choices, polynomials of a higher order
come with a larger number of estimated parameters. Therefore, we should consider
whether the classification in the edges of our input space away from the data is useful
or not. It may be far more computationally expensive to calculate a high number of
parameters and introduce more uncertainty than to assess whether the classification
is accurate or not at the edges. As a rule of thumb, I would suggest choosing either
a linear or quadratic mean function if these are sensible choices. However, if it is
decided that a higher polynomial would better suit the problem, but estimating the
latent Gaussian process becomes far too complicated then I suggest using a constant
mean. It is important to be careful about any potential misclassifications. If it is
such that the number of data points is large, then I leave this up to the reader’s
judgement on whether fitting a higher order polynomial is worthwhile or not. One
could fit Voronoi polygons to the original data to get a rough idea of the number of
regions and the general shape, especially if there is little known information from
the expert.

If the choice is made to use either a linear or quadratic prior mean function, then
there is more prior information that we can use to help with the computation. The
estimated boundary between R; and R, becomes equivalent to the corresponding
x € D such that it is the solution to n(x) = 0. Therefore, the latent process, n(x),
must cross the x-axis at approximately the boundary between R; and Ry and we
can incorporate this into the prior knowledge of our model. Specifically, this will
help approximate the parameter that controls where the latent process crosses the
vertical axis more efficiently.

As described in Section 2.2.2, a transformation was applied to the input points
so that the boundary between regions in the z-axis was approximately at zero in

the vertical axis. With this transformation, a tight prior could be placed over the
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axis intercept parameter, ensuring the latent process crosses the axis at zero. If we
contrast the plot in Figure 2.6 (left) compared with that in Figure 2.1, we notice
a significant difference in the resulting latent process. The prior means for each
plot are shown with dashed blue lines. Figure 2.1 uses the transformed data and is
shown to have an expected mean Gaussian process which follows its prior direction.
Figure 2.6 (left) does not include the transformation and is shown to differ by the
posterior estimate in region 1 levelling out as it approaches zero. This is clearly
not appropriate since (in this simple two region example with no information of the
system input) we would expect both sides of the latent process to match. This shows
that the transformation in the data can greatly improve the estimate in the latent
process and any predictions that would follow.

With the consideration of prior knowledge, it is also important to choose a good
estimate for the correlation length parameter, § (Oakley and O’Hagan, 2002). The
correlation length parameter determines how much the Gaussian process is allowed
to bend between each of the initial data points (Rasmussen and Williams, 2006).
In particular, if we consider the 1-d example in Figure 2.1, we know that there is
only one boundary where the latent Gaussian process is not expected to change sign
between data points (apart from at the boundary between regions). If the correlation
lengths are allowed to become too small, then there is a chance that the Gaussian
process would be able to curve round quickly and briefly incorrectly change sign,
causing a misclassification of regions in some input areas. To ensure this does not
happen, inverse gamma priors are placed on the ¢’s so that they are forced away
from zero and being too small. The mean of the prior distribution is kept away from
being zero, whilst the scale is kept large to increase the spread. An inverse gamma
prior is also placed on the variance, o2. This is a common choice in literature which
only allows positive values that are not too close to zero, adding extra flexibility to

the model.
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2.5 Examples in Higher Dimensions

I will now expand my method to two dimensions, and look at an example similar in
structure to that seen in Example 2.1. The output is shown in Figure 2.9, where 20
input points, (z1,x2), are generated using a Latin hypercube (Welch et al., 1992)
over the region [—1,7]%. T have specified the boundary between R; and R; in this
example to be the line ;1 = 3 (shown in red) so that the true labelling function

becomes:

i, if ;<3
A(l‘l,xg) =

ly if ;> 3.

In the figure, the yellow points are those initial data points in R; with label [;
(input space 21 < 3) and the purple points are those initial points in Ry with label
lo (input space x; > 3). The latent Gaussian process has been applied to a grid
of points over the input space to show the estimated classification labellings. Two
possible draws from the latent Gaussian process are shown in Figure 2.8.

To show uncertainty within the 2-d example, Figure 2.9 shows the probability
of input points being classified into R; compared with Ry. The dark blue regions
represent high probability of being classified into R; and the light blue represents
high probability of being classified into Ry. A misclassification rate is calculated for
each point as described in Section 2.3 and is shown in Figure 2.9. As expected, the
points near the boundary have a larger rate of misclassification and the uncertainty
increases.

I chose to fit the Gaussian process with a linear prior mean because I know that
the boundary is parallel to the xs-axis. Even if we didn’t know this apriori, we can
see from the initial data that a linear mean might be a reasonable choice since there
only seems to be one change in region over the space filling design.

The method outlined in Section 2.2.1 can be further extended to three (or higher)
dimensions. As an example of this, Figure 2.10 shows two examples of my method
being applied to a 3 dimensional problem. I will not go into great detail about
these plots (since it is difficult to plot examples in 3-d), but they are included to

demonstrate the model’s capabilities. The left plot is a 3-d extension to the plot
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Fig. 2.8 Two different draws of A for the 2 dimensional example where the two
region are split by an z; = 3 plane (red). The dark blue region corresponds to being
classified into Ry, whilst light blue corresponds to being classified into R,.

shown in Figure 2.9 where the cuboid is split into two regions by the plane given by
x1 = 3. The right plot is slightly more complicated where one region is a sphere and
the other region is the outer remaining input space. My method has been successful

in finding the boundary in both of these cases.

2.6 Comparison with Existing Methods

2.6.1 Logistic Regression

Using the 2-d example described in Section 2.5, I will now illustrate the strengths of
my method by comparing it with existing methods. One of the most widely used
methods for this type of classification is logistic regression (Diggle et al., 1998; Hilbe,
2009; Kleinbaum and Klein, 1994). Similar methods in uncertainty quantification
literature are given in Chang et al. (2016) and Salter et al. (2019).

The outputs of using logistic regression for the 2-d example are shown in Figure

2.11, where the logistic model is stated to be the following;:

A(x) ~ Bernoulli(n(x)), logit (n(x)) = Bo + Six1 + Paxa.

The bottom right plot shows the underlying probability of being classified into
R;. This is a smooth function that shows high probability of being sorted into either

of the regions where expected. Two samples are shown in the top two plots in Figure
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Fig. 2.9 2 dimensional example where the two region are split by an x; = 3 plane
(red). The dark blue region corresponds to a high probability of be classified into
Ry, whilst light blue corresponds to high probability of being classified into Ry. A
misclassification rate is also shown based on point size.

2.11, computed using the geoRglm package in R. This exposes the main flaws of
using logistic regression for this framework since we can clearly see that because the
random Bernoulli sample does not take into account the distance correlation between
points, the sampled A(x) field is not smooth. In practice, F[A(x)] might be used as
a classifier, but with my method, all samples give a coherent full classification. There
is no distinct boundary between R; and R,. Comparing to samples drawn using my
method in Figure 2.8, I am able to produce a clean cut boundary in every sample.

The main problem when using logistic regression is the lack of correlation when
sampling from the Bernoulli distribution, whereas my method is able to classify jointly
over the input space. The underlying probability function retains the correlation
structure, but when we sample marginally over all points, all of this is lost. We could
run a smoother over these samples, but this can get very complicated and we still
would not be able to define the exact boundary between regions. Alternatively, we
could take a threshold on the probability function, but it is not clear what value we

would choose for this threshold. To make a fairer comparison to my method, the
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Fig. 2.10 Two examples of applying the method from Section 2.2.1 to 3 dimensional
problems. The orange and purple points show the initial points from regions 1 and
2 and the dark blue and light blue show the classification estimates for the input
space for regions 1 and 2 respectively.

bottom left plot in Figure 2.11, averages over 1000 Bernoulli samples. This now has
the smoothness of the probability function, and is similar to Figure 2.6, but still
does not provide an estimate of the boundary. Since I am able to define a boundary
estimate, I am therefore able to classify a set of points at the same time rather than
only individual points. It is also important to note that we can generate samples
that have a clean cut boundary. This can be important when trying to visualise the

possible extreme boundary partitions that can be valid from the initial data.

2.6.2 Voronoi Tessellation

Figure 2.12, shows a naive approach to this problem by splitting up R, and Ry using
Voronoi tessellation (Gallier, 2008; Kim et al., 2005). We can clearly see that this
outperforms the classifications made using logistic regression, but again has several
flaws. One of the main problems is that it is only able to classify along arbitrary
smooth curves, which means we lose a certain amount of precision compared to my
method. Another point to make is that with Voronoi tessellation, we just take the
mid-point between the closest points in R; and the closest points in R5. My method
is able to learn more from all initial points. This is shown in Figure 2.6 where the

upper section of the boundary estimate is shown to curve far more into Ry than that
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Fig. 2.11 2 dimensional example from Section 2.5 modelled using logistic regression.
Top row: Bernoulli samples of region classifcations using logistic regression. Bottom
left: average of 1000 Bernoulli samples. Bottom right: underlying probability function
of being classified into Ry or R,.

of the lower section. Similarly, we can not make any uncertainty statements with

this method.

2.6.3 Classification Using Contours

Ranjan et al. (2008) propose an alternative method to logistic regression by attempting
to model the boundary between the two separate output regions, specifically as a
contour. They use an improvement function in estimating a contour, S(a) = {x :
y(x) = a}, where a is the value of the response surface. A relatively small designed
experiment is performed and points are chosen sequentially based on the improvement
function weighted towards choosing points on or near the estimate of the contour, (i.e.
choose new points, x, where (z) belongs to a neighbourhood, (a — €,a + €), of the

current contour estimate), or where the predicted variance is high. The improvement
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Fig. 2.12 2 dimensional example from Section 2.5 where classifications have been
made using Voronoi tessellations.

function has the following form:

I(z) = €(2) — min{(y(z) — a)*, (x)}, (2.4)

where ¢(z) = as(z) for some positive constant « and y(z) ~ N (§(x),s*(x)). The
term, €, defines a neighbourhood around the contour that is a function of the standard
deviation s(z). This process is aided with the use of Gaussian process emulation. To
begin the process of estimating a contour, a small design (25-35%) is first obtained
to outline the response surface. The GP is then calculated, and the model parameter
estimates are used to evaluate E[I(x)] on the sample space. A new run of the
computer simulation is performed at the optimum location of E[I(z)], and the GP
is updated. This process is repeated until the budget of allocated simulator runs is
exhausted and the final contour estimate, S(a), is extracted.

Although this method appears to be ideal in calculating uncertainty, it requires
an underlying smoothness assumption. The whole output space is modelled by one

single Gaussian process, where there is a simplifying assumption of the response
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surface being smooth in the form of the covariance function. We cannot guarantee
that there will not be a discontinuity between the regions, meaning that this method
may be unsuitable in some cases. Further, it is likely to become increasingly complex

in higher dimensions.

2.6.4 Classification Using History Matching

A process known as history matching is used in a method developed by Caiado
and Goldstein (2015). History matching is an iterative process designed to reduce
the input space of the simulator such that input values that are not likely to result
in the observed data are discarded (Andrianakis et al., 2015; Craig et al., 1996;
Vernon et al., 2010). Here, it is used to sort data into the separate output regions by
discarding regions which are unlikely based on an implausibility criterion. The main
feature of the process is the use of an implausibility measure, I, which uses a metric
based on the number of standard deviations between the observed data, z;, and the

model outputs, fi(x):

PR € e o/ 163)) SN e 1 0/163))
’ var(z; — E(f;(x))  var(e;) + var(e;) + var(f;(x))’

where e; is the observational error (difference between the observations and the real
physical process) and ¢; is the model discrepancy (difference between the real physical
process and the simulated computer model). For the model output and observations,
large values of I(x) imply that the predicted output of the model at x is far away
from where we would expect it to be if f;(x) were consistent with the observations
z;. A threshold, a is usually chosen to define the implausible input space. Here, the
implausibility measure eliminates any input space that is unlikely to belong to one of
the two distinct regions. Applying the full method, the input space then divides into
these regions, R;, such that the simulator output is smooth within each region, but
discontinuous across boundaries. The method discussed in the paper is as follows:
Sort inputs x into regions and take a sample from each region, R;. Choose an initial
subvector z; from the observed data (across both regions). From the samples of each

region, construct two emulators, f(1) and f(). For each input, x, from the subvector,
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z1, two implausibility measures, /(1)(x) and I(9)(x) are calculated, where the model
discrepancy, €, can differ for both regions. Two region subspaces of non-implausible
input values, C(1)(z1) and Cip)(z;1) associated with the respective emulators, are
constructed, where an input is removed from the input space if it is not a member of
either subspace. This process is continued by refocussing in waves within each of the
two sub-regions, producing a decreasing sequence of subsets of input space.

This method can then be used to test which region a general input value belongs
to. With each iteration of history matching, the next sample of points is taken
from the subspace that is not yet ruled out from either of the regions, and a new
emulator is formed using these points. This process continues until it is unclear
which region the points will lie in, and hence the uncertainty is high near the border.
Although this method has no smoothness assumption, it may still be difficult in
higher dimensions. Hence, in both of these cases, I would prefer to use my method

as it is more general.

2.7 The Design Problem

An important topic in uncertainty quantification is the design problem; if we could
run the simulator again, where in the input space would be the optimum place to
include more points? The design problem is discussed in detail by Sacks et al. (1989),
who look at the criteria for choosing a design that predicts the response well at
new points in the input space. One of these criteria is based on the mean squared
error (MSE), by choosing the design that minimises the integrated MSE between
the computer model output and observations. They show that this method is fairly
easy to implement, and can be effective at reducing the squared error in prediction.
Additionally, they look at choosing points that minimise the maximum MSE. This
can be equally effective, but computationally complex for continuous regions. A
Bayesian design scheme focuses on the minimisation of the expected posterior entropy
which calculates the ‘amount of information’ in an experiment. There are many
variations on this approach, all of which are explained by Sacks et al. (1989) and by
Currin et al. (1991).
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As discussed in Section 2.2.3, Ranjan et al. (2008) tackle this problem through
the use of contour estimation. In their article, they work on improving the efficiency
of estimating the boundary so that they can minimise the number of design points
needed to obtain an accurate estimate. Initially, they prioritise points that are as
close to being on the boundary as is possible, by choosing them such that they lie
within a small neighbourhood of the current contour estimate. To improve on this,
they develop an improvement function as stated in Equation (2.4), which is averaged
over the uncertainty in the response surface. This is important for deciding whether
it is better to choose points to explore the input space, or to choose points that are
close to the contour. More recent work also includes that by Knudde et al. (2019).

Picheny et al. (2010) address the issue of designing experiments for metamodels
that need to be accurate for particular level-sets of the response. Similar to Ranjan
et al. (2008), they aim to construct a design such that the metamodel accurately
estimates a contour. They describe similar approaches to space filling designs,
maximum MSE and integrated MSE before presenting a variation called the ‘weighted
integrated mean squared error’ criterion. This allows the user to put more weight on
choosing points to improve the contour estimate, rather than reducing the overall
variance of the model (as seen in just the integrated mean squared error method).
Both this method, and that by Ranjan et al. (2008), give interesting details on how
to adapt their designs to focus on improving the estimate of a boundary, which is
definitely an important aspect to consider for the design problem considered here.

Lastly, Bect et al. (2012) work on estimating the volume of an excursion set of
a function above a given threshold under a probability measure. They use what
they call ‘stepwise uncertainty reduction strategies’ with an aim to improve the
estimation of a probability of failure. Several possible methods are discussed which
include analysing the Shannon entropy, minimising the utility as a loss function and
minimising the quadratic loss function. Their chosen method is based on trying to
minimise the probability of misclassification (the probability of predicting a point
above the threshold when the true value is under). More recent work also includes

that by Knudde et al. (2019).
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All these would be valid approaches in a traditional setting, but for my model
there is the key difference that the function being emulated is the labelling function,
A(.), which only takes values [; or Iy for the corresponding regions. I also have a
choice of whether it would be better to place points to find a better estimation of
the boundary, or to create a more space filling design. If we are only interested
in classifying the input space, then it is likely that we would only choose to place
points that were close to the boundary. Having additional knowledge in the areas of
the input space which are far away from the boundary is unlikely to give any extra
confidence on where the boundary actually lies. Bearing in mind that if the number
of regions is unknown, then if we are not careful in searching all areas of input space,
we may find that we are falsely classifying. Alternatively, we may want to fit separate
emulators to the regions after we have made the classification. In this scenario it is
important that we both place points to give a better estimate of the boundary, and
create a space filling design for both regions. For a space filling design, we would
concentrate on including more points in sparse areas. I therefore do not want to use
any design method that only bases its selection criteria on either the uncertainty or
variance of the Gaussian process, as such methods will only choose to place points in
the corners of the input space or in sparse regions.

One possible design method for my model makes use of the misclassification rate,
and would choose additional points that maximise the change in misclassification
rate across the whole input space. One way to do this is to sample several points
in the input space from the latent Gaussian process. We would include each
point at a time into the latent model, assuming that it is classified correctly, and
calculate the misclassification rates as before. We then introduce the point into
the design (and run the simulator or model function) that changes the maximum
or average missclassification rate the most. Unfortunately, when trying to apply
this method, there are problems with the leave-one-out validation used to calculate
the misclassification rate. In the leave-one-out method, each point is left out in
turn, the latent model is fitted to the remaining points, and this is used to predict

the sign of the point left out, giving us a value for our misclassification. However,
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this means that when the misclassification rate is calculated for a specific point, we
are not including any information regarding that point, even though we are certain
of its sign. So, when calculating the rate, we are ignoring the fact that we do in
fact know the classification of that point, leading us to ignore the information for
misclassification of the local points. Consequently, if we then attempt to pick the
optimum point based on changing the maximum misclassification rate the most, we
end up trying to choose points that are very close to points that we already know,
and have included in our design. This method would ignore the local points, and so
I can conclude that this is not an efficient way of tackling the design problem.

One way of trying to solve the above problem is to add a penalty so that we
do not end up choosing points that are too close together. For new point, x’, this
can take the form: missclassification + Amin || x — x’ ||, to ensure that we add more
weight to the points that are furthest away. The addition of this penalty then assures
that our design is more space filling. When implementing this process, we could
choose a larger value of A to begin with (to be more space filling), then gradually
reduce A to focus on the accuracy of the classifier. Although adding this penalty is
feasible, I still find that the method becomes computationally expensive, and so I
feel that it would be better to tackle this problem from another angle.

Some alternatives to this are, for example, to maximise the change in total area
of misclassification rate by integrating or taking the sum over the input space, as
well as fitting emulators to the misclassification rate. I could also use a second set of
points as a separate test or verification set (similar to Bastos and O’Hagan (2009)).
This would mean that we would have one set of data which we use to fit the main
model, and a separate set of data which we use to validate the latent Gaussian
process, and produce an independent misclassification rate. We would then avoid
the problems of ignoring local points in the misclassification, so that we can properly
measure how much we mislabel things, and still produce a clean estimate. We could
also continue to use a distance penalty to control how space filling our design is at
each step. I believe that this would be a successful approach, but also believe that it

may not be very practical due to the large amount of initial data required. Since
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all of these suggestions still have computational problems, I instead use a different
method, which I will detail below.

Due to the computational difficulties in using the misclassification rate to base
my design problem on, I instead look for solutions that use the latent model itself.
In Figure 2.9, I am able to plot the probability of being classified into region 1 for
the entire input space. This is generated by taking samples of the latent GP, and
predicting the classification for a grid of points covering the input space. I therefore
propose that we use this uncertainty information to judge where the next best place
would be to choose a point to run the simulator at. I decide that anywhere the
probability gets close to 50% is the ideal place to choose a new point, since the latent
model is most unsure where the boundary is. The implementation of this method
focuses on the exploitation side of the design problem. I have discussed above how it
is important to also consider the exploration aspect of the design problem. We could,
for example, choose all points (from a selection) that are in the range 45-55% of being
classified into region 1, and then choose the point which is the most space filling. To
increase the exploration side further, we could change the size of the interval that
we are concentrating on. For example, choosing the most space filling point from the
interval 40-60% will explore the input space more than just looking at 45-55%. As
before, I would prefer for the method to be more space filling when placing the initial
extra points, and then for later points to focus on improving the classification. By
making sure we are exploring all space before we start to concentrate on improving
the estimate of the boundary, we ensure that we go into some of the regions where we
are falsely confident in our classification estimate. To maximise the explore feature,
we would just include the entire input space in the interval before choosing the most
space filling point. For future research, it may be advantageous to find a way of
optimising the range interval at each step. To decide which point is the most space
filling, I look at the Euclidean distance from each point to each other point, and
choose the point that maximises the minimum distance. See Section 2.8 below for

an example.
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2.8 Another Example in 2 Dimensions

I apply my method to a two-dimensional example (provided by T. Santner after a

private communication), with test function:

00 if 22+ 25 <¢?
f(x) = % if 2 <a?+4 a3 <cl
—00 if o} + 23 > o3,
where,
a=[3,5], Q= 210 . 2 =025 =072,
1.5 4

This function is plotted in Figure 2.13. The space between the two circles is R; and
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Fig. 2.13 2 dimensional example with two regions. R; lies within the two circles and
Ry is the remaining input space. The contours show the function, f, for various
values of 7 and 5.

the remainder is Ry, both over the input space [—1.25,1.25]%. The output function

to the model, f, is only valid for R;, and we ignore the difference between —oo and
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oo in Equation 2.8. Hence, the true labelling function, A, becomes:

I, if 0.25% <a?+ 22 <0.75°
A(l'l,ilfz) =

lo if 2?4123 <0.25?2 OR 2% + 22 > 0.75%.

I have used a 2-d maximin Latin hypercube to select 50 data points, (z1,x2) € D,
where they are given class labels (I if (z1,22) € Ry and ls if (1, 25) € Ry). These are
shown by the purple and orange points in Figure 2.14 along with the hard boundary
(red). The labelling classification after applying my method is also shown in the plot
with uncertainty as the background colour. As in the previous example, the light blue
areas represent a high probability of being labelled /; and the dark blue areas show
high probability of being labelled /5. The largest areas of uncertainty correspond to
the areas where the classification method performed the poorest. Figure 2.15 shows
two draws from the latent GP. The plot on the left is fairly accurate to the truth,
but it is particularly interesting to note that the doughnut shape in the right plot is
no longer fully connected. This is likely to be due to the lack of information in that
area of input space.

Overall, my method is estimating the regions well with only a few larger deviations
in the upper left and right sections of the doughnut region. This is likely to be caused
by the lack of information in these areas. Due to the more complicated shape, I chose
to fit a constant prior mean function. This has proved to be successful since no areas
have been misclassified in the far corners of the input space. Alternatively, a quartic
polynomial could have been used for the prior mean function, but, as discussed in
Section 2.4, I do not recommend using a polynomial with greater complexity than a
quadratic (unless there is a sufficient quantity of data). Adding the quartic prior
would involve estimating 8 additional parameters.

Two input points of particular interest are those at the bottom of the larger circle;
they are labelled in different regions but are very close together. In this area, the
latent Gaussian process must change sign quickly but has been able to without any

complications.
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Fig. 2.14 Estimated regions for the 2-d example shown in Figure 2.13. Initial data
points are displayed (orange - Region 1 and purple - Region 2), with the actual
region boundaries shown in red. Uncertainty on the estimate is included where light
blue areas correspond to high probability of being classified into R; and dark blue
areas correspond to high probability of being classified into Ry. A misclassification
rate is also shown.

A misclassification rate is also included in Figure 2.14, where the points are more
likely to missclassify in Ry (between rings). This is likely to be due to a higher
proportion of points being in Ry and so the majority of the latent process is negative,
making it more likely for areas to be classified into R,. This is supported by the
constant mean function estimated to be —2.25.

The larger misclassification rates (compared to those in Figure 2.9) can also be
attributed to the use of a constant mean function. It becomes a lot more uncertain
without the directional force of a higher order polynomial. Although it appears
that the corners misclassify very infrequently, when I observe the underlying latent
Gaussian process (not shown), n, I can see that it is in fact starting to curve up in
the corners towards the constant mean value. But since the mean value is —2.25,

there will not be a misclassification in this case.
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Fig. 2.15 Two different draws from the 2 dimensional example with two regions. R;
lies within the two circles and Rj is the remaining input space. The dark blue and
light blue regions correspond to areas being classified into R and Ry respectively.

2.8.1 Design

The design problem is an important aspect of uncertainty quantification, as outlined
in Section 2.7. Figure 2.16 displays the output of applying the design method in
Section 2.7 to the doughnut example shown here. To apply this, I have chosen to
run the simulator at 20 extra points (one at a time) and then observe the difference
the extra points have made to the overall classification of the two regions. As said
previously, my method is based on choosing regions of points where the classifier is
most uncertain, where there is close to an equal chance for the point to be sorted
into either of the regions. Then from these points, I chose the one that is most space
filling based on a maximin criterion (Sacks et al., 1989). I am able to change the
design to either be more space filling or to concentrate on estimating the border by
altering the area of points that we look at to choose the most space filling points. If
we were focusing on the border, we might choose points with 45-55% probability of
being classified into region 1, but if we were trying to be more space filling, we might
choose the area of points that has 30-70% chance of being classified into region 1.
For the first 14 points, I chose to alternate between selecting points to be very
space filling and improving the boundary. Therefore, I alternated between choosing
to pick the most space filling point from the whole input space and from the top

40% of points that have a probability of being classified into region one close to 50%.
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Fig. 2.16 Plots to show design implemented to the example in Figure 2.14. Left:
Original estimate for the classification of the input space with extra points added.
Points are labelled to the order they would be added in the design. Right: New
estimate for the classification with the extra 20 input points included. Light blue
shows high probability of being classified into region 1 and dark blue show high
probability of being classified into region 2.

I felt this was important to make sure that there weren’t any areas of the input
space where I was wrongly predicting the classification. For the remaining 6 points,
I decided to just focus on improving the classification by choosing the top 1-5% of
points that have a probability of being classified into region 1 close to 50%. From
the plot, you can tell this has proven to be successful since the last 7 points have
been placed very close to the actual boundary between regions. This is ideal since I
have still not given the model any knowledge of where the actual border is and the
accuracy of our classification is based on how well we can estimate the boundary
between regions.

The right plot in Figure 2.16 shows the output of the model when I have included
all 20 new points into the initial data. As before, the light blue areas of input space
show high probability of being sorted into region 1, and the dark blue areas show high
probability of being sorted into region 2. Comparing this to the original estimate in
Figure 2.14, we can see that there is definitely an improvement in our classification
as well as a reduction in uncertainty near the borders. Before, there was a large
bulge in the estimate towards the bottom right of the input space. However, with the
new data points included, this is no longer the case and the estimate is hugging the
border much more tightly. The new points have also greatly improved the estimate

of the centre of the doughnut with it appearing much more accurate to the circular
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shape. Previously, the classification had a 8% misclassification rate, however this is

reduced to just 4% after the extra design points have been included.

2.9 Application

My motivating example has been supplied by Voliotis et al. (2018) where the
subject is the reproductive system in mammals, particularly how this is controlled
by connections between the brain, the pituitary gland, and the gonads. There
are particular neurones in the brain that secrete a specific hormone known as the
gonadotrophin-releasing hormone (GnRH). These are vital in regulating gametogenesis
and ovulation. Signals are made by the pituitary gland which then simulate the
gonads for this cycle to start. Omne of the regulators of the GnRH neurone is
neuropeptide kisspeptin, of which two are located within areas of the hypothalamus
(the arcuate nucleus (ARC) and the proptical area). Other research suggests that
one of these areas (ARC) is the location of the GnRH pulse regulator of which
the core are neurones (ARC kisspeptin or KNDy) that secretes two neuropeptides:
neurokinin B (NKB) and dynorphin (Dyn). The objective of the model presented
is to understand the role of NKB and the firing rate of these neuropeptides on
the regulation of GnRH, and subsequentially in controlling reproduction. To do
this, the model identifies the population of the KNDy neurones where the GnRH
pulse regulator is said to be found. The model consists of a set of coupled ordinary
differential equations (ODEs) to describe the dynamics of m synaptically connected
KNDy neurones. There are several fixed parameters including the concentration of
Dyn, rates at which Dyn and NKB are lost and those that describe the characteristic
timescale for Dyn and NKB. The variables are the concentration of NKB secreted at
the synaptic ends and the firing rate, measured in spikes/min. Using the population
of KNDy neurones is shown to be critical for GnRH pulsatile dynamics and that this
can stimulate GnRH secretion. Analysing the output of this model shows that the
population can behave as a bistable switch so that the firing rate is either high or
low. Hence, this causes us to have a system with two distinct solutions, and is an

example of the type of system that I wish to model. This bistable system is coupled
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with a negative feedback leading to sustained oscillations that drive the secretion of
GnRH hormones that are involved in reproduction. Being able to model the system
and locate the areas of low and high firing rates means that, not only can we aid
predictions on the reproduction rate, but we can also have a better understanding of
the specific input parameters that are associated with high rates of reproduction.

The inputs are NKB concentration and firing rate, where I create a Latin
hypercube over the input space of [0.1,0.2] x [10,200]. The choice was made to
transform the data to [0, 1]? for computational simplicity. The system is bimodal with
two labels, where I have 20 initial points with known region classification. I apply the
labelling function, A where there are 5 points labelled /; in Ry, and 15 labelled I5 in
R, (as seen in Figures 2.17 and 2.18). The true function, A and resultant boundary
are not known in this example.

One of the most important choices to be made in this example was the form
of the prior mean on the latent Gaussian process. I chose a linear prior based on
consultation with the expert (M. Voliotis) of the system and examination of the
initial points (yellow and purple shown in Figure 2.17). The output of the predicted
region boundary is shown in Figure 2.17 along with uncertainty. In general, the
solution classifies as expected in most areas, where the area between the regions is
the most uncertain. We would therefore expect the true boundary between R; and
Ry to be almost a straight line, with potential to curve at either of the ends of the
input space. This uncertainty is down to lack of information in the area, but since
the area of uncertainty is not too large, I have greater confidence in my estimation.
The model is computationally expensive to run, hence we cannot run the model
extensively to compare the boundary estimate with the truth. Figure 2.18 shows
two draws from the latent GP and confirms that there is more uncertainty in the
lower half of the input space close to the boundary. They both capture a similar
linear trend, with the plot on the right having more curvature. Misclassification is
also shown through the size of the points where we can notice that it is more likely

to misclassify points near the boundary.



58 Latent Gaussian Processes for Labelled Outputs

region
1
* 2

. misclassification_rate
® 01
® o0z
® o3
L] ~ @ o4
@

x2
o

probability

L ] 0.75
0.50
0.25

0.00

0.00 0.25 0.50 0.75 1.00
x1

Fig. 2.17 2 dimensional example looking at the effects of hormone release on mammal
reproduction, where the system has two regions of high and low rates of hormone
release. Initial points are displayed (orange - R; and purple - Ry), with predicted
region classification and uncertainty. Dark blue areas correspond to high probability
of being classified into R; and light blue areas correspond to high probability of
being classified into Rs. A misclassification rate is also shown.

2.10 Discussion

I have developed a new method for classifying models or simulators into two distinct
regions. My method includes correlation through a distance metric and it can
be applied to a broad range of applications where outputs to the model are not
necessarily quantitative. I use aspects of classification from Nickisch and Rasmussen
(2008) in the form of class labelling and incorporate Gaussian process emulation. To
ensure that correlation between data points is included, a latent variable modelled as
a Gaussian process is used to structure the two output solutions using the assigned
class labelling. The latent Gaussian process is estimated using Metropolis Hastings

MCMC with distinct prior specifications. As a form of model validation, I have
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Fig. 2.18 Two different draws from the 2 dimensional application with two regions.
Initial inputs are shown in yellow and purple with the dark blue and light blue
regions corresponding to areas being classified into R; and Ry respectively.

calculated a misclassification rate which is based on a leave-one-out cross-validation.
I have also included details on how I would tackle the design problem.

I feel that this method will be applicable to a wide range of applications across
many disciplines including computer science, climate science and biology. My main
motivating example is based on assessing reproduction rates in mammals (Voliotis
et al., 2018). I have successfully modelled this bimodal system, where it can be used
for class prediction for other input points with estimates of uncertainty included. It
would be interesting to try my method on more real life data sets to see how well it
performs for more intricate output regions.

Comparisons have also been made with logistic regression and Voronoi tessellation.
There are several other approaches to problems that are similar to the one presented
here that would be interesting to make further comparisons with. For example
Pope et al. (2018), have developed a method for modelling spatial processes with
heterogeneity or discontinuities by using a combination of Voronoi tessellation and
Gaussian processes. As well as this, I would like to reach deeper into machine learning
classification methods to see if there are any similar comparisons or ideas on how I
can improve my method.

There are some other important extensions to the work presented in this chapter.

One would be to now expand the method to cope with situations when there are



60 Latent Gaussian Processes for Labelled Outputs

more than two output solution classes. Although I outlined how I would like to
tackle this problem, I would like to improve on this and apply it to some real life
data. Ideally I would like to adapt our model to cope with more solution regions,
however this is likely to be challenging due to the positive and negative layout that I
have chosen.

There is also room for research in areas of experimental design where I can
improve the accuracy of the classification and boundary estimation with limited
initial data. This has been quite a difficult problem due to the fact I am applying
the Gaussian process to the labelling function and not the actual model output itself.
This means that a lot of current design methods are no longer applicable. I have
touched on the direction that I would like to go in, but I would like to continue
this research to make sure that this is the most efficient method. I would also like
to improve on my method by creating an optimiser (similar to the improvement
function used by Ranjan et al. (2008)) that would indicate whether we should be
choosing points to be more space filling or to improve the boundary estimate. I
would also like to improve the efficiency of the design by having a feature where we
can choose multiple new points at a time.

There are also obvious extensions in improving the efficiency of the computer
code. For example, I could change the MCMC to Hamiltonian MCMC to speed up

the calculations.



Chapter 3

De Bruijn Graphs

3.1 Introduction

The aim of this chapter is to investigate a correlated Bernoulli process that improves
on the independent drawing problems that are known to occur when using classification
methods such as logistic regression (Chang et al., 2016; Diggle et al., 1998). Logistic
regression models the probability of being in one of two regions and, when classifying
new points, it is common practice to take draws from an independent Bernoulli
distribution. From these draws, we then choose to arbitrarily use 0 to represent one
of the regions, and 1 to represent the other. As shown in Figure 1.3 in Chapter
1, taking independent draws with probability determined by the logistic regression
means that all of the distance correlation that we initially had is lost. Hence, we end
up with many misclassifications, and we cannot easily produce a clean cut boundary
between regions. Although we can take many independent Bernoulli draws and
average them to create a smooth boundary, this would not be a complete solution as
we would still have to assign a threshold to find the two regions.

Therefore, the aim of this chapter is to produce a Bernoulli process where
correlation is incorporated when selecting draws or samples. This novel process must
have a high correlation between points that are close together and a low correlation
for points that are far apart. In a one dimensional scenario, this would correspond
to being able add structure to a sequence of 0’s and 1’s so that we can force when

like symbols cluster together instead of appearing uncorrelated. When classifying,
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we will then hopefully observe a clean cut boundary between regions (as shown
in Chapters 1 and 2), instead of having frequent misclassifications. As we saw in
Chapter 1, the multivariate Bernoulli distribution introduced by Teugels (1990) was
promising, as it can produce probability distributions for whole sequences of 0’s and
1’s for a set number of individual Bernoulli trials, but his method can quickly get
very complicated for long sequences. Hence, I seek to improve on his method in a
way that incorporates the between data correlations into calculating the probability
of occurrence of a given sequence.

From alternative literature, Tallis (1962) looked into finding a generalised multinomial
distribution that invokes correlation in discrete data. He first defines a random
variable, X, that takes the values 0, 1,2, ..., k (which is slightly more general than the
proposed method here, which has two values, 0 and 1). He also defines a probability
generating function for the joint probabilities, P(X; = a, Xy = b, X3 = ¢,...) =
Qgpe... (a,b,c=10,1,2,...)k). A generating function is often easier to work with than
the actual distribution itself (Wilf, 1994). The generating function of Tallis (1962)
is defined in terms of a parameter, p, which is the correlation coefficient between
variable pairs in X. Later on in the paper, he states that E[X] must remain constant
throughout, which is something that we may not always want to hold for the method
which is the focus of this chapter. The work was continued in Tallis (1964), where
the author determines how to estimate the distribution of a sum of non-independent
multinomial variates.

Although the method presented in Tallis (1962) gives the required attention to
the correlation between points that I require, there is still extra work that would be
necessary before it could be applied to the problem at hand. We would first have to
ensure that the correlation between variable pairs is based on a distance measure,
so that there is a higher correlation between points that are close together. We
may also want to further control the spread of the correlation, so that it is not only
between pairs. For example, we could include three-fold correlations, or higher, into
the model. This controlling of the spread of correlation is similar to the correlation

length scale parameter involved in Gaussian processes. Alternatively, if we wanted
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to continue working only with correlation pairs, then we could say that we only care
about the nearest neighbours; i.e., conditional on second order terms, the third order
terms (and higher) do not give us any additional information.

We would then also need a method for inference and simulation so that, given a
set of parameters, we could produce sequences of 0’s and 1’s that follow the patterns
produced from the region classifications. Tallis (1962) shows how to estimate the
relevant parameters using maximum likelihood, but we would still need to consider
how to apply this to the given problem to make classification predictions, given
logistic regression.

Alternatively, Dai et al. (2013) consider how to use a multivariate Bernoulli
distribution to estimate the structure of graphs with binary nodes, somewhat similarly
to the structures used in Teugels (1990). The advantages of this method, as compared
with that of Tallis (1962), is that it is able to take account of higher order interactions
as well as pairwise interactions. This allows much more structure to be incorporated
into the model. They also consider the multivariate Bernoulli distribution in the
framework of the exponential family, where the binary nodes are described as random
variables formed to allow pairwise relationships in terms of the edges. This is where
correlation is included into their model: variables are conditionally independent if
the associated nodes are not linked by an edge.

For example, Figure 3.1 shows a graph with the set of variables { N1, N2, N3, N4,
N5} displayed as the nodes of the graph. The edges between nodes show us which
variable pairs have correlation and which ones are conditionally independent. N1
is directly correlated to variables N2, N3 and N5. Although N1 is conditional on
N2, N1 and N4 are conditionally independent when conditioned on N2. N4 is only
dependent on N2 and independent from all other variables. Nodes N1, N3 and N5
form a cycle in the graph. Additionally, arrows can be placed on the edges to show
the direction of the dependency.

It is interesting to view the correlated Bernoulli problem using a graphical
structure as it gives a clear indication of the dependence between variables that are

linked on the graph, and the independence between variables that are not. One of
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Fig. 3.1 Example of a graph with nodes representing the variables, {N1, N2, N3,
N4, N5}. Edges drawn between nodes represent the dependencies between variables.

the largest problems with both the method from Dai et al. (2013), and that seen in
Teugels (1990), is the complexity of the distribution, and the number of parameters
to be estimated. For example, for sequences of 0’s and 1’s of length two, we already
require three parameters. As the sequences under consideration get longer, the
number of parameters explodes, making the inference problem infeasible for the types
of problems considered here.

Leisch (1998) focuses on generating multivariate binary random variables. The
method he proposes is to transform normally distributed random variates to binary
values via componentwise thresholding to include the correlation between variates.
The pairwise relations between variables can be written as a covariance matrix, or
by specifying pairwise probabilities. He also addresses the problem specified above
with the methods introduced in Dai et al. (2013) and Teugels (1990), where the
number of parameters to be estimated explodes when looking at long chains of
multivariate Bernoulli trials. Leisch (1998) suggests converting the probabilities
with a lower-dimensional parametrisation so that the number of parameters to be
estimated is equivalent to the number of 0’s and 1’s in the chain, n. This is a

substantial reduction from the previously estimated value of 2.
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Although this method seems interesting and there exists an R package (bindata),
I did not take this any further since the paper was never published and the author
did not continue the work.

Due to the described problems with these methods, I looked for other possible
solutions, and came across the notion of de Bruijn graphs. They appeared to capture
a lot of what was needed, including higher order interactions, and even a graph
structure similar to that seen in Dai et al. (2013). The rest of this chapter outlines
what de Bruijn graphs are, and how I wish to use them to produce a correlated

Bernoulli process.

3.2 De Bruijn Graphs

Definition (de Bruijn Graphs): De Bruijn Graphs (De Bruijn, 1946; Fredricksen,
1992; Golomb, 1967; Good, 1946) are directed graphs consisting of overlapping
sequences of symbols: given a set of s symbols, V' = {vy, ..., vs}, the vertices or nodes
of the graph consist of all the possible sequences of V. Each graph has s™ vertices,
where m is the length of each possible sequence given the set of symbols, V. The

possible nodes are as follows:

V™ = {(v1, ey 01,01), (V1 o0y U1, 02) 5 eevy (V1 00y U1, Vs ),y (V1 0ny V2, V1) ooy

(Vs ..., Us, Vs) }.

Edges in de Bruijn graphs are drawn between node pairs in such a way that the
connected nodes have overlaps of m — 1 nodes. An edge is created by removing the
first symbol from the node sequence, and then adding a new symbol to the end of
the sequence from V. Thus, from each vertex, (vy,...,v,) € V™, there is an edge to
vertex (vg, ..., Uy, v) € V™ for every v € V. There are exactly s directed edges going
into each node and s directed edges going out from each node. I name the symbols,
v, the ‘letters’ of the de Bruijn graph, and the sequence of these letters at each node

a de Bruijn ‘word’ of length m.
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By travelling along a random walk through the de Bruijn graph, we are able to
create chains of letters that are all dependent on the m letters that come before
(Fredricksen, 1992). Hence, by altering m, we are able to change the dependence
structure of the de Bruijn graph. A de Bruijn sequence of order m on a size-s set of
letters, V, is a cyclic sequence in which every possible length-m string on V' occurs
exactly once as a substring. Such a sequence is denoted by B(s,m) and has length
s X m, which is also the number of distinct substrings of length m on V' (Golomb,
1967).

Figure 3.2 shows an example of an m = 2 de Bruijn graph consisting of the
set of letters V' = {A,B}. All of the possible length-two sequences are V? =
{AA/AB,BA BB}. These sequences make up the four nodes of the graph, where
there are two directed edges both coming out and going in to each node. The end of
the initial sequence is the same as the start of the next sequence that each edge is

attached to.

1 AR

| N

|
1\ /
Fig. 3.2 Example of a length two de Bruijn graph with the letters A and B

De Bruijn graphs are used in a number of applications including genome sequencing
(Compeau et al., 2017), and the mathematics of juggling (Ayyer et al., 2015). In
genome sequencing, de Bruijn graphs are used to assemble whole genome sequences
given small collections of nucleotides, which are substrings of the required genome.
The bases A, G, C and T that constitute the sequences of DNA are the possible de
Bruijn letters and, given a set length m, we can decompose each of the substrings

into overlapping sequences of length m. Once this has been done, any sequences of
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length m that match up across the different substrings can be put together to start
forming the full genome sequence.

For example, say we have the two substrings, TCAAGGTTA and GGTTACGT,
and we want to identify the whole genome sequence that they come from. If we were
using a de Bruijn graph of length m = 4, then we could decompose the two substrings
into the sets of sequences; {TCAA, CAAG, AAGG, AGGT, GGTT, GTTA} and
{GGTT, GTTA, TTAC, TACG, ACGT} respectively. This gives us all the sequences
of length 4 from both of the substrings, where each one is created by shifting down the
line one letter at a time. Noticing that the two sequences, GGTT and GTTA overlap
in the two substrings means that the resulting sequence is TCAAGGTTACGT.

Additionally, in the mathematics of juggling, de Bruijn graphs are used to model
the patterns balls make when being juggled. For example, imagine you have 4 slots
for balls (one in each hand and two in the air), and you can have either ball or not
ball at each of the slots. A ball can go from your hand to the air, but it can not go
from one hand to the other if there is already a ball there - hence there needs to be
some conditioning structure in the modelling that controls where each ball is allowed
to go at each time.

Given a de Bruijn graph such as that in Figure 3.2, one can assign a value to each
of the directed edges to show the probability of transitioning from each node to the
next. We can thus immediately see that there is a connection to Markov chains (see
below) (Billingsley, 1961; Ching and Ng, 2006; Feller, 1950; Isaacson and Madsen,
1976). The next possible node to transition to depends only on the current node and
a set of probabilistic rules. This choice structure introduces the required correlation.

A Markov chain is a stochastic system where transitions occur from one state
to the next according to probabilistic rules. At each time step ¢, the probability of
transitioning to the next state is solely dependent on the current state and time step.
Markov chains are often described as ‘memoryless’. This means that the current
position depends only on the previous state, but not any further back, nor any future

states. This is known as the Markov property.
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Definition (The Markov Property): For random variables, Xg, Xi,..., any
positive integer, t and possible states, 7g, 71, ..., ¢;, a stochastic process forms a Markov
chain if P(X; = 44| X1 = t4-1, X420 = G492, ..., Xo = 1p) = P(Xy = 04| X4—1 = i4-1).

If we compare the Markov property to the conditional dependence in de Bruijn
graphs, we notice that there is a crucial difference. I make a key definition here that
de Bruijn graphs have a Markov property on the de Bruijn word and not the letter.
The current word is dependent on only the previous word in the sequence, and no
other. This means that we can create far more structure than if it were simply the
letters that were Markov. For example, looking at Figure 3.2, the word AB can
follow either the word AA or BA, and we can assign different probability values to
both of these possible transitions. AB is thus dependent on the whole word that
comes before it, and not just the single letter A. The letters can instead be viewed as
having a latent Markov property, as they are where we observe the Markov structure
in the sequences, but it is the words that actually create the Markov chains.

We can change how many letters we are dependent on by altering the length of
the word, m. The length of each word in the de Bruijn graph tells us how spread
the correlation is over nearby data points (which is somewhat equivalent to a length
scale since it is the distance over which things are correlated). If we have a length
m = 2 de Bruijn graph, we are dependent on two letters back, and if we have a length
m = 3 de Bruijn graph then we are dependent on three letters back. If m =1, then
the model collapses down to be classically Markov (Markov on the letter), and if we
have a zero length de Bruijn graph, this is just equivalent to independent Bernoulli
trials.

Since a de Bruijn graph is Markov on the word, the transition probabilities
give us the the probability of transitioning from word to word. I denote this p{ to
mean the probability of transitioning from the word 7 to the word j. Like Markov
chains, all of the transition probabilities for the de Bruijn graph can be written
into a matrix, 7. FEach element of the matrix, T, at time step, t, is given by

T;; = P(X;41 = j|X; = i) = p]. The corresponding transition matrix for the example
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in Figure 3.2 is as follows:

pis pii 0 0 1-pa% pd% 0 0
o_| 0 0 Pis PAE | _ 0 0 1-pB8 piE
P psa 0 0 1—pfh p 0 0
0 0 pBs pEp 0 0 1-pBE pE3

where p53 is the probability of transitioning from the word AB to the word BA.
Due to a conservation of probability property, each row of the transition matrix is a
probability vector, and so every row in the matrix must sum to one; i.e. Z?:l T =
1 for all . Hence, as there are s = 2 letters in this example, there are only two edges
coming out of each node of the graph and we can state p44 = 1 — p45. This reduces

the number of transition probabilities by half.

3.2.1 Further Markov Properties

Since de Bruijn graphs are Markov on the word, we are able to use some of the
properties of Markov chains to state properties for de Bruijn graphs. Before we look
into these, there are a few important definitions (Norris, 1997; Ross, 2014).
Definition (Irreducibility): A Markov chain is irreducible if it is possible to get
from every state to every other state with positive probability.
Definition (Aperiodicity): An irreducible Markov chain is said to be aperiodic

if for some ¢ > 0 and state j:
P(X;=jlXo=j)>0 and P(Xep1 = jlXo=j) >0

The stationary (or ergodic) distribution of a Markov chain (Isaacson and Madsen,
1976; Jones and Smith, 2001) tells us the proportion of overall time spent at each
state or word. It describes how the chain will be distributed among the states after it
has been run for a long amount of time. The state of the system at time ¢ is given by
7® = (7(1)®, ..., 7(m)®) so that each component 7(i)®) indicates the probability

of being at each word, ¢, at time ¢.
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Definition (Stationary Distribution): The stationary distribution of a state

j € S from an irreducible, persistent, aperiodic Markov chain is defined as:

. . j ()
W(]) = hmt—>oo p{ )

(®)

where p/' = P[Xj4+ = j| X = j]. The 7’s must also satisfy the following:

m(j) > 0, Sor(j) =1 and w(j) = 7(i)pl,

jES €S

The stationary distribution is hence found when 7(Y) remains unchanged as ¢ gets

i(n+1

larger. Since 7(j) = lim, 0o pf(n) and p! - >k pf(n)p{; for states k& € S, we can

find the stationary distribution by letting n — co. This gives:

for transition matrix 7. 1 will denote the stationary distribution as 7 for the
remainder of this thesis.

Providing the Markov chain on the word is stationary (discussed below), we can
calculate the stationary distribution by powering up the transition matrix as follows

(Isaacson and Madsen, 1976):

P(X; =i) =Y P(X; =i|Xo = j)P(Xo = j)

J

— 70 =TixO),

for time step t and states ¢, 7. Let ¢ — oo, then we are left with:
T = limtﬁooTtw(O),

which gives us a row vector for the stationary distribution. For these Markov chains,

(0

the marginal probabilities are irrespective of the starting state, 7(9, and so for any

starting chain the steady state remains the same.
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The stationary distribution of a Markov chain can also be calculated by looking
at the eigenvalues and eigenvectors of the transition matrix, 7' (Feller, 1950; Isaacson
and Madsen, 1976). Considering the equation, 77 = 7, we can see that this looks
very similar to the column vector equation for eigenvalues and eigenvectors, Av = \v
(where A is a matrix and v is the eigenvector associated to the eigenvalues A of A).

By letting A =1 (and A =T, v = 7) and taking a transpose we have the following:

(Tm)" =7t

— 7T =47,

We can see that for the transposed matrix, 77, the eigenvector that is associated to
the eigenvalue A = 1 is 7, which is the stationary distribution.

The eigenvalues and eigenvectors can also make powering up the transition matrix
T computationally easier. This is down to using the eigendecomposition of 7', which
is shown by Isaacson and Madsen (1976). Let L be a matrix where the rows of L are
the left eigenvectors of T'. Let A be a diagonal matrix where the diagonal consists
of the eigenvalues of T, and all other elements are zero. Since LT = AL and L is
invertible, we get:

L 'LT =T =L'AL.

Taking powers of T, we find that T? = L™'ALL AL = L~'A%L, which gives the
following general result:

T! =L 'A'L,

where A’ is a diagonal matrix with diagonal elements, A\{, A5, ... AL .

Not only can we find the stationary (or ergodic) distribution from the eigenvalues
and eigenvectors, but we can also find other important properties. One of these is
the convergence rate of the Markov chain, and hence the convergence rate of the
de Bruijn graph towards the stationary distribution of the words (Jones and Smith,
2001; Ross, 2014).

Definition (Convergence Rate): The convergence rate of a Markov chain is the

speed in which 7 approaches the stationary distribution, 7, as t — co.
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If A\ = 1 is an eigenvalue of 7', then for the remaining eigenvalues, [A\| < 1
(as proved by Rosenthal (1995) and Isaacson and Madsen (1976)). Number the
eigenvalues such that 1 = |\ > [Ao] > ... > |\,] and let 27 = 37, a;l; for a; € R,

where [; is the ith row of L.

® = 2T
= zLA'L™!
= (Il +agll + .. +anll)LAL™

= a NI+ ap T+ .+ ap I

t T /\2 : T /\m : T
:>\1 alll + as| — l2 +...+ay| — lm .
/\1 /\1

Since the stationary distribution is given by [y and A\; = 1 , we find that A\ is
the dominant term. Therefore the second eigenvalue tells us how fast the Markov
chain converges to its stationary distribution. For a fast convergence rate, we want
eigenvalues close to one.

We can then state the expected first return time for a particular state or word, ¢
(Ross, 2014).

Definition (Expected Return Time): For a Markov chain with stationary

distribution 7, the expected first return time R; for state ¢ is given by:

This is the associated long run time of the word 1.
The mean passage time to get from word 7 to word j is then given by %
where n;; is an element from the matrix N = (I — T —W)~! with I being the identity

matrix and W being a matrix whose rows are the stationary distribution 7.

3.2.2 Non-Stationary Markov Chains and Further Connections

The type of Markov chains we have been discussing for de Bruijn graphs are so far
not dependent on the time step, ¢ (Feller, 1950). These are said to be stationary or

homogeneous in time.
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Definition (Stationary Markov Chain): A Markov chain is stationary if the
probability of going from one state to another is independent of the time step. For
all states ¢ and j, we can state that P(X; = i| X, = j) = P(X; = i|Xo = j) for any
time t =0,1,2,....

Alternatively, there exist Markov chains where this doesn’t necessarily have to
be the case, and the probabilities of transitioning can change dependent on both the
current state and time. These are known as non-stationary Markov chains where we
are able to change the probabilities for transitioning to certain words dependent on

the current time step. For the example in Figure 3.2, the transition matrix is now as

follows:
1-pi? p8Y 0 0
o |0 0 1-piE"Y iR
1-pi? pEY 0 0
0 0 1-pBE" pER"
fort=0,1,2,....

If we are dealing with a non-stationary de Bruijn graph, many of the Markov
properties discussed above are no longer applicable (Isaacson and Madsen, 1976;
Ross, 2014). For example, a stationary distribution or steady-state does not typically
exist for Markov chains with non-stationary transition probabilities. An important
exception are periodic Markov chains where the transition matrix repeats after a set
number of time steps. If the transition matrix repeats after ¢ time steps such that,
T+9) = T®) | then the stationary distribution is as follows:

7(j) = limoep] ™",
where 7(j) = 7OTW . TU-Y with 70 = 7OR and R = TWT® ... T@. The
main disadvantage with this (and most calculations for non-stationary Markov chains)
is that it is not analytically tractable and an approximation must be found.

For de Bruijn graphs, if transitioning from word to word is dependent on the
time step, this allows us to change the pattern of letters in the chains at different

times. We would also be able to determine when certain states are more likely to
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be visited, which introduces additional structure for the determination of when like
letters will clump together. Although it would be ideal to apply all of my future
work in this thesis to non-stationary Markov methods it is very challenging. Hence,
I will mostly work with stationary Markov chains, with the aim that I can extend
my work to non-stationary cases at a later date.

De Bruijn graphs as Markov chains have many connections to alternative methods
in the literature. One of the most obvious examples are higher order Markov chains
(Ching and Ng, 2006; Raftery, 1985; Wang et al., 2013). The main difference between
higher-order Markov chains and the first-order Markov chains we have considered
so far is that the state probability distribution of the chain at the present time
depends on the m previous time steps; i.e., the state of the Markov chain at time ¢
is dependent on the states at times ¢t — 1,t — 2,...,t — m + 1.

One simple way of defining a higher order Markov chain is to rewrite the states
so that we combine the previous m states into one new state. If we do this at each
time step, then we have the ability to combine the correlation from all m previous
time steps into a simple first-order Markov chain. As you might have noticed,
this is exactly what a de Bruijn graph does, where the higher-order states are the
letters and the transformed first-order states are the words. Therefore, de Bruijn
graphs are equivalent to higher-order Markov chains where we can simply change
the order or spread of correlation through the word length m. Both have parameters
of O(s™(s — 1)), given there are s states in the model.

An alternative higher-order Markov chain was developed by Raftery (1985) with
the aim to reduce the number of parameters. These higher-order Markov chains have
a Markov dependency on a linear combination of previous individual letters and are
defined in the definition below. Similarly to above, the states of the Markov chain
are the individual letters, and we are looking at the probability of transitioning to

the next letter dependent on the past m letters in the chain.
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Definition (Higher-order Markov Chain): If we have a sequence, {X; : t €

{1,2,...}}, then the higher-order Markov model takes the form:
P(Xy = io| Xem1 = i1, o, Xpmin = i) = D Nilligi;»
=1

where, A\i1+...+\,,, = 1, and ) = ¢, is a transition matrix such that 0 < Z;-n:1 Ak, <
1 for i, ky,....;k,, = 1,...,t. This shows that the probability of the current state is
dependent on a linear combination of the past m states.

As we increase the number of time steps that the current letter is dependent on
we add an extra parameter into the model, so that the total number of parameters
is of O(ms?) if the Markov chain has s states (Ching et al., 2008). Although this
number of parameters is larger than that of de Bruijn graphs (O(s™(s —1))), I prefer
the simplicity of using the first-order Markov chains, and so proceed with de Bruijn
graphs for the remainder of this thesis. It is my aim to produce methodology for a
correlated Bernoulli process using de Bruijn graphs, with the hope that I can reduce
the number of parameters at a later date. Thus, although I will not be considering
higher-order Markov chains any further, they may be important for future work in
parameter reduction.

A further connection to de Bruijn graphs which we shall discuss is that with group
theory, where previous work includes that by Hauge and Mykkeltveit (1996) and
Rhodes et al. (2017). A de Bruijn graph can be thought of in terms of permutations,
as the individual words create an ordering for the full sequence. A directed cycle in
group theory is simply a finite sequence of elements that can be generated by running
a random walk on the de Bruijn graph. Cycles are created by repeatedly applying a
permutation to the elements in a set, which are equivalent to the words (or nodes)
of the de Bruijn graph. Taking each word in turn, we apply the permutation (by
running through the Markov chain), and determine the next word in the sequence.
We can then form separate cycles (or sets) from various subsets of the nodes in these
graphs. In the shift register literature (Golomb, 1967), there are also techniques to
calculate the longest cycle of 0’s and 1’s that contain all words without any repeats.

There are many existing theorems that can be applied to the de Bruijn structures,
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such as cyclic decomposition of Markov chains (Isaacson and Madsen, 1976; Sonin,
2008). A Markov process can thus be decomposed into a collection of directed cycles
with positive weights which are proportional to the probability of travelling through
a cycle in a random walk. In graph theory, cyclic decomposition is taken to be the
partitioning of the edges of the graph and so gives the same interpretation as for
Markov chains.

Although I do not go into the details of group theory in this thesis, it is a very
vast and important topic for future work as it may be able to offer simplifications, or
allow generalisations to higher dimensions. As well as group theory, there are also
links to graph theory, where I will discuss de Bruijn graphs expressed as trees in
Section 3.3.3.

The final property that I am interested in is the expected run length of certain

letters of the de Bruijn graph, which I investigate in Chapter 4.

3.3 Towards a Correlated Bernoulli Process

Now that I have outlined what de Bruijn graphs are, I will now move on to show how
they can be used for the problems considered in this thesis. The aim of this work is
to be able to produce sequences of 0’s and 1’s, for which same letters cluster together.
By incorporating correlation between variables using the de Bruijn structure, I aim
to produce an improvement on drawing independently from a Bernoulli distribution.

An interesting approach to using de Bruijn graphs within the context of a
correlated Bernoulli process is outlined by Ayyer and Strehl (2011), who look at
producing a stationary distribution for a de Bruijn process. They begin with a
very similar structure to the one proposed here, by viewing the de Bruijn graphs
as generalised Markov chains with associated transition probabilities. They let the
set of letters be {1,2,...,n} and proceed by decomposing de Bruijn sequences into
blocks, such that they are a repetition of a single letter. For example, an a — block is
a word which is the repetition of the single letter a k times in a row, displayed as a*.

Every sequence of letters has a unique decomposition into these blocks of maximal

length. A weight is then assigned to each node made up of these blocks, which is
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determined by the letter and number of repetitions. Through the use of a Kirchhoff
matrix, the resulting transition matrix is found. The de Bruijn process is then a
continuous time Markov chain for the de Bruijn graph with specified weights. The
stationary distribution of the probabilities of given sequences are found conditional
on the given weights.

In one example they refer to a de Bruijn-Bernoulli process, which refers to when
the associated weights cause the stationary distribution to be a Bernoulli measure.
Although this sounds similar to the goal considered here, one major flaw is that the
probabilities of being in each Markov state are independent to each other.

The disadvantages of the work of Ayyer and Strehl (2011) mainly lie in the
objectives. The authors focus on trying to find the stationary distribution of
sequences from the underlying Markov chain along with any properties associated
with it. In contrast, I am more interested in learning about the transitions, and
what a random walk through the de Bruijn graph would look like. Further, their
transition probabilities are treated as variables in time, whereas I initially want to
keep them constant to be able to use stationary Markov properties. Their paper is
also very complex and I think it would greatly benefit from a new set of notation,
simplifying the majority of definitions. Therefore, although I do not take any of the
ideas further in this thesis, it is still interesting to note the connections and layouts
of notation and de Bruijn graph definitions.

Rhodes et al. (2017) focus on random walks on de Bruijn graphs, and present a
definition for a de Bruijn-Bernoulli process. Whilst quite similar to the goal here, a
deeper reading indicates that it does not have the required form. First, they have
used the term ‘de Bruijn-Bernoulli process’ to refer to attaching an independent
probability to all of the transition edges on the graph, such that there is now a
corresponding probability to adding any of the letters in the de Bruijn graph (and
not the word). This has the effect of removing the dependence of the current state
on the one before in the Markov chain, hence removing all the correlation that I
want to retain. Therefore, I do not look into this further and instead create my own

correlated Bernoulli process.
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To link de Bruijn graphs with this idea of a correlated Bernoulli process, I will
be dealing with the set of s = 2 letters, V' = {0,1}. This is similar to Fredricksen
(1992) who introduces a binary de Bruijn graph. The order of the de Bruijn graph
is then the length of each word that makes up the nodes of the graph, where these
words will be length m sequences of 0’s and 1’s. The de Bruijn graphs of lengths
m = 2 and m = 3 for V = {0, 1} are shown in Figure 3.3. The possible words are
shown by the blue and orange nodes. Since the graphs are made up of two letters
(0 and 1), there are two edges coming in and out of each node so that there are a
total of 2™ nodes and 2™! edges. The middle plot emphasizes the fact that the
m + 1 word length graph can be created by placing an appropriate node on each of
the existing edges in the m word length graph and then adding in the corresponding
edges. Hence, for the m + 1 length de Bruijn graph there are an extra 2 nodes and
2m+1 edges.

A de Bruijn graph is Markov on the word. Hence, the nodes of the de Bruijn graph
are the states of a Markov chain, where the edges are the transition probabilities for
either adding a 0 or 1 to the sequence depending on the current word. As a reminder,
the notation, pZ , represents the transition probability of going from state (word) i to
state (word) j; e.g., for word length m = 3, p% is the probability of going from the
word 010 to the word 100. This is the same as saying a 0 is added to the sequence
010 to create the sequence 0100. By running through the de Bruijn graph, it is then
possible to create long chains of 0’s and 1’s.

The transition probabilities can be written in terms of a transition matrix. For
example, for a de Bruijn graph of word length 2 (top graph in Figure 3.3), the
possible words are: 00, 01, 10 and 11. The corresponding transition matrix is formed
as follows:

L—pho po 0 0
0 0 1-po poi

I-pip Pig 0 0

0 0 1-pit pH



3.3 Towards a Correlated Bernoulli Process 79

Fig. 3.3 Examples of length 2 and 3 de Bruijn graphs with two letters: 0 and 1.

where pJd = 1 — pdd due to conservation of probability. As the word length increases,
we end up with more transition probabilities and an increasingly large transition
matrix. For word length m there are 2™ different transition probabilities (same as
the number of edges in the graph).

I can now incorporate this to formally define the new process, which I name
the de Bruijn process. This is a correlated Bernoulli process, and has the following
properties. I note that the set of letters does not necessarily have to be V' = {0, 1},
but this is used for the rest of work in this thesis.

Definition (de Bruijn Process): The de Bruijn process is a process to produce
sequences of ‘letters’ from the set, V' = {0, 1}, where correlation is included through

a de Bruijn graph structure with length m ‘words’ There is defined to be a Markov
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property on the de Bruijn words but not on the letters such that for time step, t:

P(Xy = 0| Xio1 =1, Xy—o = Gy—a, ..., Xo = i) = P(Xy = 4| X4m1 = i4-1)

it
- pit_17

for random variables, X, and where pz:; , is the probability of transitioning from the
word i;_1 to word %;.

The main aim for developing this de Bruijn process is to be able to produce chains
of 0’s and 1’s so that we get blocks of letters, and avoid getting spikes of misclassified
values that occur when making predictions using a classification method or logistic
regression. The word length and associated transition probabilities are where we can
add a certain amount of ‘stickiness’ into the model so that we are able to control
how clumped together the letters will be. For example, if we let the probabilities
be: {pdy =0.1,pi; = 0.9,p% = 0.1,p}7 = 0.9} in a length m = 2 de Bruijn process,
this will ensure that there is a high level of stickiness for both 0’s and 1’s, avoiding
changes between values. Equivalently, we can make the model very ‘anti-sticky’ by
choosing the transition probabilities that retain the current letter to be small. It is a
combination of both the transition probabilities and the word length that gives us
the vast about of possible structure. As we increase the word length, this generates
a larger number of intricate transition probabilities where we can set values to give
us the exact de Bruijn process we are looking for.

As before, I distinguish the marginal probabilities, 7, from the transition probabilities,
p, to avoid confusion. I state w({i}) when referring to i as a letter, and 7 (i) when
referring to ¢+ as a word. If the Markov chain on the word is stationary, then the
marginal probabilities (for both words and letters) can be calculated using the
methods described in Section 3.2. The probabilities of getting a 0 or 1 will vary as
you go through (dependent on the current word), but the marginal probabilities of
getting 0’s and 1’s will be constant over time.

Since it is the transition probabilities that control the structures of the letters,
there are relationships between the marginal probabilities and the transition probabilities

which we can express in the following equations. For m = 2 we know the following
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relationships are true:

m({1}) = pgem(00) + pgyw(01) + plom(10) + piym(11),

7({0}) = poom(00) + poim(01) + plom(10) + prym(11),

(3.1)

where 7({0}) + m({1}) = 1. These expressions are derived from the law of total
probability that states that 7({j}) = >, P(j|in)7(is), so that the probability of a
letter (0 or 1) is the weighted average of all the possible words that could generate
that letter. In other words, we average over all of the possible starting words to
get the probability of obtaining a single 0 or 1. We are able to obtain the n’s from
the transitions, p, but we are not able to obtain all of the transitions from just
knowing the marginals, . There needs to be some constraints to make the transition
probabilities identifiable.

For the above example (where {pQ}, pi1, p3%, pi1} = {0.1,0.9,0.1,0.9}), the marginal
probabilities for the words are: {7(00),7(01),7(10),7(11)} = {0.45,0.05,0.05,0.45},
and the marginal probabilities for the letters are: 7({0}) == 0.5 and = ({1}) = 0.5.
There is a 50% chance of getting a 0 or a 1, but by including the de Bruijn graph
structure into the Markov chains, we are forcing correlation to be included and so
the 0’s and 1’s will appear in clustered blocks (see examples in Figures 3.4 and 3.6).
If we remove the de Bruijn structure and generate a sequence of independent random
Bernoulli trials, we would observe the same proportions of each letter, but they
would no longer be clustered in blocks.

We can expand Equation (3.1) to be applicable for any word length, m, as follows:

m

R({1) = 3 A R ),

1=0

where 7({0}) + m({1}) = 1. This is written in the same structure as for the word
length 2 case in Equation (3.1), but to simplify the notation and to apply to a general

word length, we can write the words in terms of the decimal representation of the
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binary values, e.g. for word length m = 3 the words translate as follows:

000 — O
001 — 1
010 — 2
011 — 3
100 — 4
101 — 5
110 — 6
111 = 7

This form is repeatedly used for the remainder of this thesis and is formally written
as, S, k; 2071 where k; € {0, 1} is each letter in the word; e.g. for the word 010,
Sk 27 = 20 4 k2l + k22 =0-141-2+0-4=2.

All of the calculations in this and the following chapters are based on sequences
and run lengths of 1’s. However, since there are only two possible letters, there are

some symmetries, and we can easily convert this to be applicable to 0’s.

3.3.1 Examples

Figures 3.4, 3.5, 3.6, 3.7 and 3.8 present some examples of how the transition
probabilities and word length effect the chains of 0’s and 1’s that are produced when
running through the corresponding de Bruijn process. To generate a sample from
the de Bruijn processes, we run through the transition matrix to generate long runs
of 0’s and 1’s. It is also currently assumed that the starting value is unknown. We
simulate for a sufficient amount of time to be in steady state, taking a large enough
burn-in to ensure that this does not affect any results. This is equivalent to a random
walk on a de Bruijn graph.

Figure 3.4 shows the effects of altering the transition probabilities. Each panel
gives one of four examples of running a word length m = 2 de Bruijn process
for n = 200 time steps. The marginal probabilities are kept the same (7({0}) =

7({1}) = 0.5) so that we can make a better comparison of the spread of letters.
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We would expect that like letters become far more sticky when the probabilities for
remaining at the same letter are kept close to one. If the transition probabilities are
all kept at 0.5, then we would expect the opposite, which would be the equivalent
of a series of random Bernoulli trials. The transition probabilities set for each
m = 2 example are {pS, po1, %%, pii}, where for the four examples (from top to
bottom) these parameters take the values {0.5,0.5,0.5,0.5} , {0.25,0.75,0.25,0.75} ,
{0.1,0.9,0.1,0.9} and {0.05,0.95,0.05,0.95} respectively. The first (top) example
behaves as expected, where the distribution of the 0’s and 1’s appears fairly random.
The 0’s and 1’s in the second and third plots then show increasingly sticky behaviour,
to the point that the final (fourth) plot shows a large region where the de Bruijn
process has favoured 1’s over 0’s. Note that there are not equal numbers of 0’s and
1’s in the final plot because the average run lengths are becoming much larger and

it is harder to find a length 200 window when the marginals are equal. If I let this

graph run forever, then over time we would be left with equal numbers of 0’s and 1’s.
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Fig. 3.4 Four samples from de Bruijn processes with letters 0 and 1 to show the
effects of changing the transition probabilities. From top to bottom, the transition
probabilities, {pds, pdi, P2, pii}, are: {0.5,0.5,0.5,0.5} , {0.25,0.75,0.25,0.75} |
{0.1,0.9,0.1,0.9} and {0.05,0.95,0.05,0.95}.

The corresponding run length histograms for these examples are shown in Figure

3.5. A run length is defined as follows:
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Definition (Run Length): A run length is defined as the number of consecutive
1’s (or 0’s) in a row bounded by a 0 (or 1) at both ends.

The plots in Figure 3.5 show the distributions of these run lengths for given
sequences of 0’s and 1’s. The histograms confirm the results indicated in Figure 3.4,
by showing that not only are there far fewer shorter run lengths when the letter
stickiness increases, but also that the more extreme run lengths are far larger. We
still see some shorter run lengths in the very sticky de Bruijn process plots, but there
are far less, which is to be expected in a stochastic process. There is also far less

variation in the top plot: for the majority of the time we see run lengths of length

one or two.
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Fig. 3.5 Corresponding histograms showing the distributions of run lengths of 1’s
from the de Bruijn process examples in Figure 3.4. The run lengths are shown to
increase as the de Bruijn processes become more sticky to 1’s.

As a measure of stickiness of the de Bruijn process, we can also look at the

average run length of 1’s (or 0’s) in a corresponding chain. This is discussed in
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greater detail in Chapter 4, so I will just state the run lengths for the examples
in Figure 3.4 here. The average run lengths of 1's are 1.95, 4.10, 9.47 and 19.60
respectively for each of the four simulations of length 200. These results are what
we would expect, given that the average run lengths are getting increasingly longer
as the stickiness of the de Bruijn process is increased. It is interesting to note that
although there is not a huge difference between the probabilities, {0.1,0.9,0.1,0.9}
and {0.05,0.95,0.05,0.95}, there is a substantial difference between their average
run lengths. During a run of 1’s, there is a 10% chance for the next letter to be a 0
for the {0.1,0.9,0.1,0.9} de Bruijn process, but a 5% chance for the next letter to
be a 0 for the {0.05,0.95,0.05,0.95} chain.

As stated previously, it is also possible to alter the transition probabilities to
create a structure that is anti-sticky to like letters. This is shown in Figure 3.6,
for which three panels show the results of simulations of word length m = 2 de
Bruijn processes with transition probabilities {0.9,0.1,0.9,0.1} , {0.5,0.5,0.5,0.5}
and {0.1,0.9,0.1,0.9} respectively. If we compare the top and middle sequences, it is
clear how much difference the anti-sticky probabilities can make, as compared to the
independent Bernoulli version. The top sequence is seen to be much more structured,
with the 0 and 1 values swapping constantly to create a regular anti-clustering
pattern. This is in contrast to the bottom sequence where the 0’s and 1’s are far
more sticky to the same letter. These three sequences show that by using the de
Bruijn structure we can form a vast variety of different patterns.

So far, I have only discussed examples for which the marginal probabilities for
the letters are equal (7({0}) = n({1}) = 0.5); i.e., for the example where pi} = 0.9,
we must also have p)y = 0.9. If the marginals were changed to be 7({1}) = 0.8 and
7({0}) = 0.2, then if pj} = 0.9, we must also have pJ) = 0.225. This is calculated
using either the definition, 7({0})p}i = (1—m({0}))pds or (1—=({1}))pi; = 7({1})pYs.
Hence, if you know the marginals for 0 and 1, then you can reduce the number of
transition probabilities by half. An example using these values is shown in Figure
3.7, with word length m = 2. From top to bottom the transition probabilities,
{poy, pot, pia, pit}, are: {0.1,0.8,0.2,0.9} and {0.775,0.8,0.8,0.9} so that we can
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Fig. 3.6 Three samples from de Bruijn processes with letters 0 and 1 to show
the differences between an anti-sticky de Bruijn, independent Bernoulli de Bruijn
and sticky de Bruijn processes. From top to bottom, the transition probabilities,

{po, pit, pio, pit}, are: {0.9,0.1,0.9,0.1} , {0.5,0.5,0.5,0.5} and {0.1,0.9,0.1,0.9}.

compare a symmetrical example against a non-symmetrical example. Here we can see
that there are far more chains of 1’s than 0’s in the bottom plot (non-symmetrical),
but roughly equal numbers of chains of both 1’s and 0’s in the top plot (symmetrical).
The transition probabilities in this example are defined such that the stickiness to
1’s is the same, but the number of 1’s in the non-symmetric example should be 80%
of the total number of letters. This is emphasized by the average run lengths for the

two chains being very close in value at 9.96 and 9.68 respectively.
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Fig. 3.7 Two samples from de Bruijn processes with letters 0 and 1 to show the
differences between symmetric and non-symmetric de Bruijn processes. From
top to bottom, the marginal probabilities are: w({0}) = =x({1}) = 0.5 and
7({0}) = 0.2, 7({1}) = 0.8, and the transition probabilities, {pd,pii, pls, pii},
are: {0.1,0.8,0.2,0.9} and {0.775,0.8,0.8, 0.9}.

Figure 3.8 shows the effects of the run lengths and letter stickiness when changing
the word length, m, of the de Bruijn process. From top to bottom, the word

lengths used are m = 1, m = 2, m = 3 and m = 4. It is much trickier to
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make direct comparisons here due to the extra transition probabilities that are
introduced at each increase in word length (this plot is just to give a rough idea
of the difference a longer word length can make). The transition probabilities for
each case are chosen to be fairly similar to each other, but we must keep in mind
that we can induce a larger impact on run length when changing both the word
length and transition probabilities simultaneously. The transition probabilities used in
Figure 3.8 are as follows: {pg,pi} = {0.2,0.8}, {p3, pii, %%, p1i} = {0.1,0.8,0.2,0.9},
{PBoo: Poot» Potos Poits Pioos Pots Pite: Piity = {0.1,0.7,0.4,0.8,0.2,0.6,0.3, 0.9} and {pggos,

0011 0101 ,0111 ,.1001 ,.1011 ,.1101 1111 , 0001 ,0011 0101 ,0111 ,.1001 ,.1011 ,.1101 1111
Pooo1s Pooios Pooiir Poioor Poio1s Poiios Poitis P1ooos Pioo1s Pioios> Pioi1s P11oos Pi1o1s Pii1os P11t

={0.1,0.6,0.5,0.7,0.3,0.5,0.4,0.8,0.2,0.6,0.5,0.7,0.3,0.5,0.4,0.9}. As we can see,
the length of the word does make a difference to the stickiness of the letter (since
there is a slight increase in run length as we move down the different plots), but one
of the main advantages of selecting a longer word is the increased structure that can

be incorporated through the more intricate transition probabilities.
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Fig. 3.8 Four samples from de Bruijn processes with letters 0 and 1 to show the
effects of changing the the word length, m. From top to bottom, the word lengths are
m =1, m =2, m =3 and m = 4. Transition probabilities are kept fairly equivalent
for all examples to show the effects of the word lengths alone.

Normally, when increasing the word length, we can also increase the inherent

complexity, and we can add in further structure to the de Bruijn process. However,
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we may find that two different de Bruijn processes with different word lengths
may actually be equivalent, such that the same sequences could be generated from
either process. Two sequences generated from both processes would have the same
properties and the run length distributions from both processes would be equivalent.
The intermediate transition properties of the larger de Bruijn process are not adding
any more structure to the process, so we can actually remove these and convert the
larger length word process to that of the shorter word length. A simple example of
this is shown in Figure 3.9 where there are four different sequences created with de
Bruijn processes with word lengths, m = 1, m = 2, m = 3 and m = 4. The transition
probabilities are defined such that there is a 10% chance of changing to a different
letter and a 90% chance of remaining at the same letter for each of the four different
sequences. Here, the intermediate transition probabilities in the larger word length
processes are not adding any further structure to the process since there is still a
90% chance of observing the same letter regardless of the word length. This is clearly
seen in Figure 3.9 where the run lengths in each of the sequences are all similar to

the run lengths generated from the m = 1 de Bruijn process (classical Markov).

Symbol
]
(§
0 50 100 150 200
x1
Symbol
]
[
' D . i
0 50

100 150 200

x1
Symbel
0
[}
0 50 150

100 200

x1
Symbol
]
|
150 200
x1

0

50

Fig. 3.9 Four samples from de Bruijn processes with letters 0 and 1 to show how
certain chains with larger word lengths can be equivalent to chains with shorter word
lengths. From top to bottom, the word lengths are m =1, m =2, m = 3 and m = 4.
Transition probabilities are set at 0.1 for adding a different letter (e.g. pi%y) and 0.9

for adding the same letter (e.g. piil).
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3.3.2 Markov Properties

In Section 3.2, I showed that the eigenvalues and eigenvectors of the transition
matrix for the de Bruijn word Markov chain can offer valuable information. The first
eigenvalue is A = 1, and the second eigenvalue tells us how fast the Markov chain
converges to its stationary distribution (convergence rate). If the transition matrix

has the form:
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0 0 pgq
then the rate of convergence is ¢ — p. So, for the example presented in Figure 3.4
where the transition probabilities are {0.1,0.9,0.1,0.9}, the rate of convergence is
q—p =0.9-0.1 = 0.8, indicating that the Markov chain will converge at a reasonably
fast rate (around 480 steps to convergence within 0.001 error). For the other
examples in Figure 3.4, where the transition probabilities are {0.25,0.75,0.25,0.75}
and {0.05,0.95,0.05,0.95}, the convergence rates are 0.5 and 0.9 respectively (with
associated steps to convergence of 600 and 330 each within 0.001 error). This shows
that the transition probabilities have an influence on the convergence rate; when the
letters tend to be more sticky, the Markov chain on the word converges at a higher
rate. This is to be expected, since the closer the Markov chain is to being equivalent
to independent Bernoulli trials, the more random the sequence is, and convergence
to the stationary distribution is slower.

Either powering up the transition matrix, or finding the eigenvector corresponding
to the eigenvalue A\ = 1 gives the marginal distribution. For the examples in
Figure 3.4 the marginal distributions for the words, {7(00),7(01),w(10),7(11)},
are {0.25,0.25,0.25,0.25}, {0.375,0.125,0.125,0.375}, {0.45,0.05,0.05,0.45} and
{0.475,0.025,0.025,0.475} respectively. We can see that all the marginals sum
to one so that m(00) + 7(01) + 7(10) 4+ 7m(11) = 1 as expected, and that the
individual marginals for 0 and 1 both sum to 0.5 (7({0}) = 7 ({1}) = 0.5) so that
7({0}) = 7(00) + 7(10) = 0.5 and 7w({1}) = 7 (01) + =(11) = 0.5.
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The mean recurrence time for a state, ¢, for each of the examples in Figure 3.4
is given by ﬂi So, if we are interested in finding the mean recurrence time for the
state 11, we just need to find ﬁ for each of the examples in Figure 3.4. This gives
times of 4, 2.667, 2.222 and 2.105 respectively. This is again as expected; if the
de Bruijn process is very sticky towards 1’s then it is much more likely to return
to the state 11 again in a short period of time. The mean recurrence times of the
state 01 are found to be 4, 8, 20 and 40 for each example respectively. We would
expect the de Bruijn processes that are sticky towards 1’s to not return to the state
01 very quickly. They are likely to get stuck in the state 11 for a long time, then
switch to 10, then stay stuck in the state 00 for a while (if the marginals between the
letters 0 and 1 are equal) before returning to the state 01. If instead the de Bruijn
process is similar to independent Bernoulli trials, then we would expect the state 01
to appear far more often. For the independent Bernoulli case when the marginals
are {p%, pot, P26, P11} = {0.25,0.25,0.25,0.25}, the mean recurrence time is 4 for all
states. This is because we are equally likely to go to any state, so on average we
would visit all other states before returning to the same one. If we looked at the
mean recurrence time for a de Bruijn process with a larger word length, we would
find the same patterns, but the overall times would likely be shorter since there are

more available states to travel to because the graph is larger.

3.3.3 De Bruijn Graphs as Trees

In this section, I will define connections between de Bruijn graphs for a correlated
Bernoulli process and a specific type of graphical model called trees (Lauritzen, 1996).
Consider a graph G = (W, E), where W is a set of vertices (or nodes) and E is a
set of edges such that E is a subset of the set W x W of ordered pairs of distinct
vertices. The edges can either be directed or non-directed, but multiple edges or
loops do not exist. Graphs can be extremely useful for visualising certain data or
models. By expressing edges between nodes of the graph, we can clearly see any

relationships or dependencies in the data.
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A tree is a connected, undirected graph without cycles, where a rooted tree is a
tree with direction. A single vertex is chosen as the root and all edges are directed
away from this point. We can immediately see the connection to de Bruijn graphs
since there is a clear direction away from the initial letter, and when we take a
random walk on the de Bruijn graph, this is equivalent to taking a specific route
down a tree. A de Bruijn graph with letters 0 and 1 expressed as a tree is shown in

Figure 3.10.

Fig. 3.10 De Bruijn graph with letters 0 and 1 expressed as a section of a tree starting
from the root word, 00.

The plot consists of a small section from the tree where the nodes are the de
Bruijn words and each edge corresponds to either adding a 0 or a 1 to the sequence.
The starting node (the root) in this example is the word 00, but this would be
equivalent to any starting word since the tree creates a factorial pattern. We can link
trees closer to de Bruijn graphs by attaching the appropriate transition probabilities
to each of the edges. In the literature, for example (Sedgewick and Flajolet, 2013),

there are different types of trees. In fact, the tree shown in Figure 3.10 is a binary
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tree. Binary trees are trees where the nodes have no more than two edges directed
out.

De Bruijn graphs as trees is just one example of another way of viewing the
graphs themselves. I have not gone into great detail on the subject as it is a topic for
future work. By connecting de Bruijn processes to other existing graphical models,
we may be able to expand or simplify some of the concepts developed. Therefore I
believe research into other existing graph theory is going to be a vital step for the

future.

3.4 Discussion

In this Chapter, I have given an initial overview of how we can build a correlated
Bernoulli process using de Bruijn graphs. There has been very little previous research
done in this area, with nothing having the desired structures and simplicity required.
The eventual goal is to be able to use de Bruijn processes in conjunction with a
classification method such as logistic regression. When taking draws or samples
to make classification predictions in logistic regression, we end up neglecting any
between input correlation, so it is vital that we can find an alternative to improve
on classification predictions.

De Bruijn graphs are a way of creating sequences of 0’s and 1’s such that we can
control the spread of correlation across neighbouring points. They have connections to
Markov chains, whose properties can help to define quantities such as the stationary
distribution, mean recurrence time and letter run lengths. In this chapter I have
defined the de Bruijn process and shown examples including samples of the types of
sequences that we can generate from them. I have also given examples on how we
can change the structures of the sequences so that we can force the 0’s and 1’s to be
more sticky and clump together for like letter. I feel that there are many areas for
further research in this area which will be discussed in detail in Chapter 7.

In the following chapter I will be developing the de Bruijn process further to
look at the run length distributions of letters, as well as inference. In Chapter 5, I

will show possible methods to expand de Bruijn graphs to higher dimensions and in
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Chapter 6 I will present thoughts on moving towards a non-directional de Bruijn
graph. My aim is to fully remove the direction out of de Bruijn graphs since it is not
always natural to have a direction when considering the chains (or grids in Chapter

5) of 0’s and 1’s.






Chapter 4

De Bruijn Process Properties and

Inference

4.1 Introduction

In Chapter 3, I outlined an approach to producing a correlated Bernoulli process
using de Bruijn graphs. I demonstrated how to create chains of 0’s and 1’s, for which
we can introduce structure so that the sequence becomes far more ‘sticky’ to the
same letters. Similarly, we can reverse this so that we can produce the inverse effect:
creating an ‘anti-sticky’ sequence that constantly swaps between letters. We will first
be discussing the run length distribution of the de Bruijn process. The run length
distribution specifies the chance of observing each length of runs of 1’s (or 0’s) in a
sequence for a given de Bruijn process. The number of consecutive 1’s (or 0’s) in a
row will hence give a measure of how sticky a sequence generated from a specific de
Bruijn process is likely to be. The structure of the run length problem allows me to
use well established results developed for the geometric distribution to help derive
results. Examples are given comparing the theoretical expected run lengths against
the simulated run lengths obtained in Section 3.2.1 for Figures 3.4, 3.6, 3.7 and 3.9.

Secondly, I have developed a method of inference which is discussed in Section
4.3. Given a sequence of 0’s and 1’s, we want to be able to estimate the de Bruijn
process that was used to create it. This involves estimating both the word length,

m, and the transition probabilities, p, that determine the correlated structure of the
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corresponding Markov chains. Both frequentist and Bayesian solutions are given,

along with an example to illustrate the method.

4.2 Run Length

A property of interest within the de Bruijn process is the run lengths of particular
letters, and in particular whether these run lengths change with different word lengths
and/or transition probabilities. For the remainder of this section, I will discuss,
without loss if generality, the run lengths of 1’s for my de Bruijn processes discussed
in Section 3.2.1. The aim is to improve on current run length literature such as
Fu and Koutras (1994) who focus on the run lengths in sequences of independent
Bernoulli trials. A run is defined as the number of consecutive 1’s in a row bounded
by a 0 at each end. We saw in Chapter 3 that by changing both the length of the
de Bruijn word and the transition probabilities, we are able to create both sticky
and anti-sticky sequences of 0’s and 1’s. We also know that the very sticky de
Bruijn processes produce far longer run lengths of 1’s than those that are closer to
independent Bernoulli trials. Therefore, by analysing the run lengths of different
de Bruijn processes we will be able to give some quantification of the stickiness of
different sequences, and identify the de Bruijn graphs that created them. As well as
the distribution itself, properties of the run length will be discussed including the
expectation, variance and generating functions. As a reminder, (i) represents the
marginal probability of the word i (or w({i}) for the letter i) and p} represents the

probability of transitioning from the word 7 to the word j.

4.2.1 Run Length Distribution

The run length distribution for a word length m = 2 de Bruijn process with transition
probabilities {pl?, pit, piY, pii} is given in Lemma 4.1. This distribution gives the
probability of a run of 1’s of length n, for any n € N*. The probability of a single
1 is simply the transition probability pl?, since this gives us the probability of
transitioning from the word 01 to the word 10, giving the sequence 010. For higher

run lengths we again start with the word 01, but now transition to the word 11, with
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probability pjl. For a run of length two, we would then finish with the probability
piY, but for a run length of three, we would further transition to the same word
11 with transition probability pj}. For run lengths of greater than three, we would
continue to return to the word 11 until a run length of n is reached. Hence, in
Lemma 4.1 this transition probability is raised to the power n — 2. The power is
taken to be n — 2 here instead of n since a run length of two is already created with
the other two transition probabilities in the equation, and so two must be removed
to compensate. Every run must finish with the probability pi¥ since the zero must be
there to finish the run off. As said previously in Chapter 3, if the de Bruijn process
is very sticky to 1’s, then the value of pi! will be close to one and the probability of
long run lengths will be high. Also, for small values of pi}, the probability of long
run lengths will be small. Note that this distribution is conditional on a run existing.

For future work this could be extended to also include run lengths of length zero.

Lemma 4.1 (Run Length Distribution, m = 2).

Pot for n=1
P(run length = n) =

por(pi)"’piy for n>2,

Proof. P(run length = n) = pl? for n = 1. For n > 2, the run starts with the
word 01 and transitions to 11 with probability pj} creating the sequence 011. The
run continues by transitioning to the word, 11, with probability pii, n — 2 times to
create a run of length n. The run ends with the first zero with probability pi?, hence:
P(run length = n) = pli(pi})"?pi?, for n > 2.

For the above equation to be the appropriate distribution function, for all values

of n from 1 to oo, then it must be true that >7°, P(run length = n) = 1:
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> P(run length = n) = pg} + Z por(p11)" it
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In Theorem 4.2 the run length distribution is extended for de Bruijn words of
length three and higher using the decimal representation of the binary notation
discussed in Section 3.2.1. Although this appears to be far more complicated than
the m = 2 version, it follows the same pattern. We retain the term that represents
when the de Bruijn process continues to return to the state that only consists of
1’s (p%Zj), but there is now a longer run in period until this point. To start a
sequence of 1’s off, the first word must take the form * 01; the run starts with the
first 1 after a 0, and it makes no difference which letters come before. Hence, *
can represent any possible sequence of length m — 2, and therefore there are 2m~2
possible starting words that will eventually lead into the same run of 1’s. Since there

are 2m—2

starting positions, we must average over all possibilities using the law of
total probability (Feller, 1950) to get the full run length distribution. The equation

for total probability is used as follows:

2m—2_1
P(run length =n) = > P(run length = n|+;)m(x;), (4.1)
i=0
where 7(%;) is the marginal probability for the ith starting sequence. Since the

sequences represented by * are of length m — 2, the marginal probabilities for these

sequences must be found given that we are working with a de Bruijn process with
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word length m. We do this by applying the law of total probability again, such that:

2m=2_1

wx) = 3 Plul)r(),

making it possible to find the probabilities of the sequences *; by averaging over all
of the possible starting words that could produce this sequence.

For example, assume we have a de Bruijn process of word length m = 3. To
begin our run of 1’s, we can either start with the word 001 or 101. Therefore, using

Equation (4.1), we need to find 7({0}) and w({1}) where,

7({0}) = pooo(000) + poor™(001) + poygm(010) + ppyy(011) (42)

+ plioom(100) + pioi7(101) + pyjgm(110) + piyyw(111).

As a reminder, w({i}) represents the marginal probability of i if 7 is a letter, whilst
7(7) represents the marginal probability of 7 if 7 as a word.

For larger word lengths, there are not only more possible starting positions, but
the run-in or burn-in period is also longer. This is due to the fact that it takes longer
for a larger word to reach a sequence of all 1’s. Thus, in Theorem 4.2, I have chosen
to write the cases where n is smaller than the word length, m, separately as there is
a slightly different pattern. In these cases, the run does not reach the state with all
1’s before it hits a 0, and instead transitions to a word of the form %10. All runs of
length n which are greater than the word length m end up reaching the all 1 state,
and then finish the run with the first 0, resulting in a word of the form 11..10 with
transition probability pam 2. The state with all 1’s must also be raised to the power

n —m since a length of m 1’s is obtained in the run up period.



100 De Bruijn Process Properties and Inference

Theorem 4.2 (Run Length Distribution, m > 3).

P(run length = n)

gm=2_1 ..\ 23(i mod 2m3)+2 .
Yico (i) Py forn=1

gm=2_1 .. 23(i mod 2m~3)+3 )
Yico (1) Pait form=2:m-1

n—1 2973(i mod 2m =3 73) (272 1)~ 1 —p_1
XA Lj=1 Poi+2(; mod 2m—i—2)4 (2041 1)

gm=2_1 ..\ 23(i mod 2m~3)+3
Yico (1) Pyt

m—2 293 (i mod 2m—I—3)4 (2912 -1)
x {szl Dai+2(; mod 2m—i—2)4(2i+1-1)

(R

for n > m.

X

where,

2m—1m-3 k+1(; m—k—1 k41 gk—s+1 1 ; : m—s—2
. 2611 (5 mod 2 )+ZS:1 2 [(W(z—(z mod 2 )))mod 2]
W(Z) B Z lp2k(j mod 2m—k)+2f=1 2k=s[( (i—(¢ mod 2m—5=2)))mod 2] W(])

om—s—2

j=0 k=0
Proof. See Appendix A n

For example, consider again the run length distribution for a length m = 3 de
Bruijn process. We can start the run off with either the word 001 or 101 so that the

run length distribution becomes:

P(run length = n) = P(run length = n|{0})7({0})

+ P(run length = n|{1})7({1}),

where P(run length = n|{0}) represents the probability of getting a run of length
n conditional on starting at the letter 0 with word 001. To find 7({0}) (and similarly
m({1})) we use the definition in Equation (4.2). This converts the length m — 2
marginal distribution into an expression in terms of the length m marginals. Then,
providing the underlying Markov chain is stationary, we can find the length m
marginals by powering up the transition matrix or by looking at the eigenvalues and

eigenvectors (see Section 3.2.1). Note that it is easier to understand these problems
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by looking at the corresponding de Bruijn graph; the graph for m = 3 is shown in
Figure 3.3.

For a run length of a single 1 (keeping m = 3), we consequently have the
probability piaim({0}) + p%im({1}), which create the sequences 0010 and 1010
respectively. For a run length of two 1’s we instead make two transitions such
that the next letters to include are a 1 and a 0. Such a run has probability
pooipaiim({0}) + pdiipiiim({1}). For run lengths of three or more, we now have a run
up long enough to reach the state 111, and we proceed in a similar way as above, but
also include powers of p}il until we reach the desired run length. A run of length n
then has probability pibipbl! (p111)"™ 7({0}) + piblpbl! (111" ~({1}). The power
we apply to pill is now n — 3, as the run up to pi}i includes three 1’s.

It is clear that the run length distribution has a connection to the discrete
geometric distribution (Feller, 1950; Johnson et al., 2005). The geometric distribution
gives the probability that the first success (1) from a set of independent trials, X,
with probability of success, p, happens on the (k + 1)th trial. The density is given
by: P(X = k) = (1 —p)¥p for k = 0,1,2, ..., giving the probability distribution of
the number of independent Bernoulli trials needed to get the first success.

We can consider the run length distribution as a generalised geometric distribution
due to the burn-in period that is required for the de Bruijn process. Although the
geometric distribution considers independent trials, whilst I want to retain correlation
as a vital part of the run length, we can still observe the transitions in a geometric
way. Since the transitions have a specific ordering to make the words fit into the de

Bruijn structure, there is still a correlation enforced in this way. I will be using this

link to the geometric distribution to help in following calculations in this chapter.

4.2.2 Expected Run Length

From the run length distribution, we can now calculate subsequent measures. I first
consider the expectation (Feller, 1950), where the expected run length for a length
m = 2 de Bruijn process is given in Lemma 4.3. Due to the connections between

the de Bruijn process run length and the geometric distribution, we can use results



102 De Bruijn Process Properties and Inference

for the geometric distribution to make simplifications to expressions. The geometric
distribution function takes the form, P(X = z) = (1 — p)*p, for z = 0,1,2,3, ...,
meaning that we can use the expectation, E[X] =Y _2P(X =2z) =>,z(1 —p)*p =
%, to help make simplifications. Even though the smallest run is of length one, I use
the geometric distribution starting from x = 0 since raising p}i to the power zero

still gives a positive run length.

Lemma 4.3 (Expected Run Length, m = 2).

b (1= (i)
il

E [run length] = p;? +

Proof.

E [run length| = Y n x P(run length = n)

n=1

= po1 + > ooy ()" 20}
n=2

Po1 n
=Pt + 71ivg 2 o) P

D, > n
4 O [z n(1 = plt)pl0 —pﬂpiﬁ]

=0
Pot lﬂ_ 11 10]
(pi)? [pfy ~ P
_ (1)(1)_|_p(1)% (11: (113%(1))%
P11P1i

= pp; +

since B[ X] =>,zP(X =z)=>,z(1 —p)"p = 1%; for a geometric distribution

with P(X =z)= (1 —p)*pand 2 =0,1,2,3, .... O

Following from this, the expressions for the expected run lengths for de Bruijn
processes of length m = 3 and m = 4 are given in Lemmas 4.4 and 4.5 respectively.
I have included these so that the reader can get a better idea of how the de Bruijn

run length distribution works.
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Lemma 4.4 (Expected Run Length, m = 3).

E [run length]

= m({0})pho) + ({11)ples + 2 [ ({0})photpsis + 7 ({1))pioimoii

1 plll
e [T ({0})phipbit + m({11)pS5ip6i1] [pﬂé —pmpi — 2(01) P | -
111 111

where,
7({0}) = Pioo(000) + pooi m(001) + porom(010) + pgyym(011)
+ Piog(100) + pigy7(101) + pyfgm(110) + pyym(111)
7({1}) = Pooom(001) + pooi m(001) + pgiom(010) + ppyym(011)

+ piopm(100) + pii7(101) + prigm(110) + piyy(111).
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Proof.

E [run length] = ) " n x P(run length = n)

n=1
= 7({0Dpoed + ({1} + 2 [r({0}paipeit + m({1})pipsid]
+ [r({0})phaipbit + 7 ({11)pSipbit] 3 (el pil
n=3
= w({0})plel + m({11)p5%) + 2 [ ({0})plaipett + m({1})ploirots ]
1 > n
e [T ({0)phsimbit + w({11)pS5ipbi1] [ > n(pin)"pit — PP
111 n=0
— 211t
= 7({01)pls) + 7 (11PN + 2 [7({0N)phipoi} + m({11)Poiponi ]
1 plll
+ g [T{ODpeipoLt + 7 ({11516 1] [ﬂé —pmPi — 2(0m)’Pi | -
(Pnl) P11
where,
({0}) = poom(000) + pliim(001) + piom(010) + ppiim(011)
+ Ploom(100) + pigym(101) + pyjom(110) + pyyym(111)
({1}) = pooom(001) + plim(001) + pifim(010) + piiw(011)

+ pliopm(100) + pii7(101) + pyigm(110) + piyyr(111).

since B[ X] =>,zP(X =z)=>,z(1 —p)*p = 1%; for a geometric distribution

with P(X =2)=(1—-p)*pand 2 =0,1,2,3, .... ]
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Lemma 4.5 (Expected Run Length, m = 4).

E [run length]
= m(00)pboor + 7 (01)pgior + 7(10)piner + 7 (11)pytoy
+ 27 (00)piatpoots + w(01)pitoiptsis + m(10)pitsimlor!
+m(11)pi %Pt
+ 37 (00)pos1pBo1peiY + 7 (O1)pilstptatipotts + w(10)p50ipeotipols

+m(11)piSsipioiipetts]

1
+ I {W(Oo)pggé%pgéﬂpﬁﬂ + 7(01)pgro1 P01 o111 + ™(10)pT001P0011Po111

+m(1L)pipSH A

1111
P11l 1111,.1110 1111121110 111113,.1110
X l]71110 — P1111Piin — 2(171111) Pitnn — 3(171111) Pi111
1111

15 1 2(j mod 8)+ [(%(i—(i mod 2)))mod 2}
p(j mod 16)

Mjnwd4}+2k%ﬁ—@7nmiﬂﬂnwd2]+inwd2 ‘
X p 7(j)

2(3 mod 8)+ [(%(2—(1 mod 2)))mod 2}
for i € {00,01,10,11} and where the decimal representation of binary

notation is used (i.e. i € {0,1,2,3}).
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Proof.

E [run length] = ) " n x P(run length = n)

n=1

= m(00)pgoor + 7(01)potor + w(10)pToer + 7 (11)p13e7
+2[m(00)pYsipoi? + m(01)pSi P + w(10)pioiphois
+m(11)pi5pio
+3|m(00)phaipObiipoLts + (0P Plotipits + m(10)pS06ipbotipoits
+7(10)piSotpioiipeis
+ {W(Oo)pg%ipgéﬂpéiﬁ +7(01)potorPioiPornt + 7(10)PToo1Pbo11Porty
+ W(ll)p}?éip%ﬂpé}ﬂ] x i n(pin)" i

n=4

= m(00)poor + 7(01)poior + 7 (10)poor + m(11)piioy
+2[m(00)pos1pb1S + m(O1)pitotplots + 7 (10)piG5poors
+m(1)p156ip051

0011, 0111, 1110 1011, 0111 1110 0011, 0111, 1110
+3 [7(00)170001170011?0111 + m(01)po101P1011P0111 + 7(10)P1001Po011Pornt

+ w(1)pioi im0t |

1
i {W(OO)pSSé}pSéﬁpéiﬂ +m(01)poioPaonPoitn + 7(10)PiogiPooiPoin
1111

1111,1110

oo
1011, 0111, 1111 1111\n, 1110
+7T<11>p1101p1011p0111 X Zn(pnn) P1111 — P1iniPi111
n=0

1111\2,.1110 1111131110
- 2(p1111) P11 — 3(291111) p1111}

= 7(00)pGoor + m(01)ppion + w(10)poor + w(11)prio
+ 2|(00)p30iptars + T(OL)pitoipars + (L0)pooiptors
+w(11)pi%%ipio

+ 3|m(00)paoipatipeii + w(OL)piiipiatipoiis + m(10)pi0biphotipoiis

+ w(L)plSipiotipeiis)

1
s OO + VAR + (0B A

+m(LL)pipb A

pllll
1111 1111,.1110 111121110 1111\3,.1110
X 2(prin) 3(prinn)

1110 — PriiiPiinn —

Pi111) Pi111 — 2\P1111) P11
Pri11
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where,

15 | 2(j mod 8)+[(

1
‘ 3
m(i) = Z P(j mod 16)
j=0

(i— (¢ mod 2)))mod 2}

4(j mod 4)+2 {(%(z—(z mod 2)))mod 2} +i mod 2 )
X p o ™(j)
2(j mod 8)+ {(i(if(z mod 2)))mod 2}

since E[X] =>,zP(X =z)=>,z(1 —p)"p = lp%p for a geometric distribution

with P(X =z)= (1 —p)*pand 2 =0,1,2,3, .... O

Finally, the expected run length for de Bruijn processes with word length three

or higher is given in Theorem 4.6.

Theorem 4.6 (Expected Run Length, m > 3).

E [run length]

2m—2_1

N 23(i mod 2™ 3)42
= Z W(Z)p4i4(:1mo :
i=0

e 23(i mod 2™~3)+3 i 243(i mod 273 )+(29T2 1)~ 1 g1
+ Z k Z ™ Z) Paita p2j+2(i mod 2m—3—2)4(25+1-1)
i=0 j=1

m—2__
1 2 ! N 23(i mod 2™3) 27F3 (4 mod 2m I 73)4- (2712 1)
+ ( Qm_1>m (i) Pai+1 H p23+2 i mod 2m—i—2)4(2i+1-1)

where,

2Mm—1m—3 k41 . s
, 2441 mod 27k L 2 ey =G mod 27 3
ﬂ-(l) o Z lp2 k(5 mod 2m—k) +Z Wl S[( (i—(i mod 2™~5=2)))mod 2] 7T(j)

2m52

j=0 k=0
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Proof.

E [run length] = ) n x P(run length = n)

n=1
et 23(i mod 2m~3)42
= Z (%) Paita
i=0
! .\ 23(i mod 2™ 73)+3 s 2713 (i mod 2m I =34 (212 —1)— 1,54
+ Z k Z m Z) P4it1 P2i+2(; mod 2m—i—2)4(2i+1-1)
i=0 j=1
ot 23 d2m=3)43 o 2943 (3 mod 2m—9—3)4(20+2 1)
. (¢ mod 2™7°)+ i mod 2™ 77 73)+ -
+ Z (i) Paitr Hp2j+2(imod2m—j—2)+(2j+1—1)
=0 7=1
(o, ¢]
om_1 om_2
X [Z (pzm 1) Dam_ 11
n=m
2m—2_1
_ .\ 23(i mod 2 3)42
= (i) Paita
i=0
m—1 [2m—2-] k-1 . , ;
.\ 23(i mod 2m73)+3 29F3(i mod 2m I =3) (292 -1) 1,y
+ Z k [ Z 7T(Z) Pait1 p2j+2(i mod 2m—i—2)4(25+1-1)
k=2 i=0 j=1

|

m—2
1 2 - 23 (i mod 2m~3) 27+3(j mod 2m—773) i+2
. +(27 1)
+ (me_1>m Z 7T<Z) DPaita H p2J+2 i mod 2Mm—J—2)4(20+1-1)
2m—1

i=0
00 m—1
X [Z (A R R S (e ém‘%]
n=0 7j=1
2m—2_1 5. _—
= Z (i) piiﬁlmOdz 2
i=0
. 23(i mod 2 3)+3 " 2043 (3 mod 2Mm—I—3) (22 1)~ 1, _,
+ Z k Z T Z) p4z‘+1 p2j+2(i mod mejf2)+(2j+1_1) !
=0 7j=1

—_ 1

1 . 93(i mod 2m=3)13 | A3 29+3(i mod 2m—i—3) (2021
+ )m [ Z W(l) p4i-§-1 ) H p2j+2gi mod 2m*]’72;+22j+1_1§
; i

p2m— m—1 j
2m—1 S om_1\J om_9
X | —5m—g — J (%m-l) DPom_3

where,

ﬂ-(l) - Z H pgk(j mod 2m*k)+2]§:12k*5[(ﬁ(2 (¢ mod 2m~5=2)))mod 2]

27 tm=3 2k+1 (5 mod 2m_k_1)+zfill 2k_3+1[(ﬁ( —(i mod 2™~%72)))mod 2] .
(j)
7=0 k=0

since E[X] =Y, 2P(X =2) =Y, ,2(1 —p)*p = 1}'%” for a geometric distribution

with P(X =2)=(1—p)*pand £ =0,1,2,3, .... O
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4.2.3 Variance

The next important measure to consider is the variance of the run length distribution.
We can still use results from the geometric distribution to help simplify calculations,
where, for the distribution function, P(X = z) = (1 — p)*p for x = 0,1,2,..., it
is known that, F[X?] = 3, 2?P(X =2) = >, 2%(1 — p)*p = %. Then, by
using the results of Section 4.2.2, and the well known result, Var[run length] =
E[run length?] — (E[run length])?, we can calculate the variance for the run length
distribution. The squared expectation of the run length distribution for the m = 2

word length case is given in Lemma 4.7.

Lemma 4.7 (Squared Expectation of Run Length, m = 2).

3
por (2 —pif — (19
E[run lengthQ] :p(l)(l) + 01 ( — 11) )
p11 (p11)

Proof.

Elrun length®] = Y n® x P(run length = n)

n=1
_ 2 11 ) 2,10
p01 + Z n"Po1 p11 P11

n*(p11)"p1Y

11 fe'e)
yY n
4 O [ n2(1 = pl0yiplo pﬂpﬂ

(P1)? 1=
— pl0 4 P01 pﬁ@‘lﬁ?) 11,10
Po1 (pH)Q (p%(l))Q 11P11
3
_ 0 pit (2 - pif — (019)°)
= Po1 D)
PH (p11>

since E[X? = S, 2°P(X = z) = Y, 2%(1 — p)'p = % for a geometric

distribution with P(X =z) = (1 —p)*p and z =0,1,2,3, .... ]

Further, the squared expectation of the run length distribution for word lengths
m > 3 is shown in Theorem 4.8. Again, we can find the variance by substituting this
in to the equation, Var[run length] = E[run length®] — (E[run length])?, and

where E[run length]| is found from Theorem 4.6.
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Theorem 4.8 (Squared Expectation of Run Length, m > 3).

E [run length?]

2m—2_1

o A 23(i mod 2m3)4-2
= Z (%) Pait
i=0
S 23(i mod 2m3) 2713 (i mod 2m =7 =3) (292 -1)—1
2 . i mod 2™~ i mod 2™~ —1)—1j—p_1
Z k Z T Z> Daita Hp23+2 (i mod 2m—i—2)4(27+1-1)
=0
1 R -\ 23(i mod 2m73)43 s 2943 (i mod 2m—3=3)4(20+2_1)
+ (pgm 1) Z (%) Paita H Poi+2(; mod 2m—i—2)4(20+1-1)
om _1 1=0 j=1

m 1 (2 — pin el
x [p2 (1(2m 21;2 =) _ > 5 (p3n” i)]pim ?].

Pam_q j=1
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Proof.

E [run length®] = > n” x P(run length = n)

n=1
2771,72_
. 23(3 mod 2 3)4-2
Z W(Z)quﬂ
i=0

27%2(4 mod 2m—J—2)4(27+1-1)
1=0
2m—2_1

m—1 2m2-1 23( d2 3) 3 k=1 2j+3(- d 2m—J 3)+(2j+2 -1
2 . i mod 2™M7°)+ 7 Mo —J= —1)=1j—p_1
+ Z k Z (%) Pait
7=1

|
|

m—2
.\ 23(i mod 2m~3)+3 293 (3 mod 2Mm—I—3)4(20+2_1)
+ Z W(Z) Piit1 H p2j+2(i mod 2m—i=2)4(25+1-1)
i=0 j=1
o0
2 2m—1 2m—2
X lz <p2m 1) Piym_ 11
n=m
2m—2_

.\ 23(i mod 2m73)+2
(i) Puit1

29+2(4 mod 2m—J—2)4(27+t1-1)
=0

1

am—2_1 m—2
. 23(i mod 2m3)4+3 2343 (; mod 2Mm—3—3)4 (29121
+ e [ Z (i) p4i—5—1 " [H Py ( I )”
(pszl) i=0

m—1 oam—2_1 k-1 , ,
N 23(i mod 2™m~3)+3 2913 (4 mod 29 —3)4 (2012 —1)—1,_p_
+ K Z 7 (i) p4z’$1mo )+ Da; ( - S
k=2 j=1

2542 (i mod 2m—i—2)4(2i+1 1)
Jj=1

00 m—1 j
om_1 2m 92 om_1 2m 2
x|2n (me 1) Pam_1 — J (pzm 1) Pom_1
n=0 J=1
2m—2_1

.~ 23(i mod 2™ 3)42
Z W(Z)P@'L o

oam—2_1

‘ . k-1 . N T
+ Z kQ[ > w(i) (i) prisy™? 3>+3[ 29%3(i mod 2m~93)4(29+2-1) 11]“”
j=1

20+2(i mod 2m—J—2)4(20+1-1)
=0

29+2(i mod 2Mm—3—2)4(2+1-1)
Jj=1

1 o 93(i mod 2m=3)13 | A 29+3(i mod 2m—i—3) 4 (2i+2_1
R [ > W(Z)Mil a 11 v ¢ " )
(sz 1) 1=0
sz 1(2 pzm = om_1\J om_g
X m j m m
[T rim e

J=1

2Mm—1m—3 . e k+1 o —
. 2k+1(5 mod 2m—* 1)+ZS: 2k s+1[(7m_19 (i—(3 mod 2™~572)))mod 2] .
7T<Z> = Z k(4 m—k k kfi 1 : m—s—2 7T( )
; 2k (5 mod 2 )-i—Z:S:1 2 [(2m7372 (i— (7 mod 2 )))mod 2]

since F[X?] = S, 2?P(X = x) = S,2%(1 — p)*p = % for a geometric
distribution with P(X =z) = (1 —p)*pand 2 =0,1,2,3, .... O
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4.2.4 Generating Functions

Generating functions (Johnson et al., 2005; Wilf, 1994) are a powerful tool which
are often used as an alternative to a distribution when it is too complex to work
with. If there is an unknown sequence of numbers (or letters) and there does not
exist a simple formula to describe it, then we can employ generating functions. Such
functions provide a formula for the sum of a power series where the coefficients of
each term make up this original sequence. Often, generating functions are formed
from recurrence relationships which give the general form for the sequence, but not
a specific formula. This is how I will be forming the generating functions in the
remainder of this section, by treating the de Bruijn process run length distribution
as an unknown sequence. Although I have defined the formula for the distribution
here, it is often the case that the generating functions are easier to work with than
the distributions themselves. Since there is a relationship between the de Bruijn run
length distribution and a geometric distribution, both the probability and moment
generating functions for the geometric distribution are initially given.

First, lets consider a simple example (Wilf, 1994). We have the sequence;
ag, a1,as,... = 0,1,3,7,15,31, ... where we do not know the general formula which
generates the sequence, but we do know that the recurrence formula satisfies the
following:

(pi1 = 2a, + 1 for n > 0 and ag = 0. (4.3)

We want to find a general form for each term a, using the generating function
G(r) = Y ,>0anz™. We will be able to determine each term in the sequence by
expanding G into a power series and reading off the coefficients of each term.

To find the generating function, we first multiply both sides of Equation (4.3) by

2™ and sum over values of n. We then simplify the expression until we are left with
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an equation for G. This is shown below:

Z pi1x" = Z(Qan + 1)x",

n>0 n>0

ai + asx + azx’ + ... = QZan$"+ Zx",

n>0 n>0

{(ao + a1z + axx® + ...) — ao}/z = 2G(z) + > _ z",

Gla)/x = 26(x) + - ! -,
C@) = g oa =20

Then if we expand G into a series, we can find a,, as the coefficient of x™.

Probability Generating Function

The probability generating function for the run length distribution takes the form
G(z) = E[z"] = >0°, 2" P(run length = n). Probability generating functions
are used as a power series representation of the probability mass function. The
probability mass function is obtained by taking derivatives of the generating function,
such that, P(X = s) = % In other words, the probability of a run length, s,
will be found by evaluating the s derivative of G at zero and dividing by s factorial.
For each of the following generating functions, if we expand the result into a power

series, we could reproduce the corresponding distribution. The probability generating

function for the geometric distribution is given in Theorem 4.9.

Theorem 4.9 (Geometric Probability Generating Function).

for success probability, 0 > p > 1

Proof.
PX=n)=1-p)"p for n>0

The recurrence relationship has the following form:
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ag =P
a; = (1—-p)p
ani1 = (1 —p)a, for n>0

We solve this to find the generating function G(x) = 3,50 an2™. Then, multiplying

by 2™ and summing over n gives the following:

> apz" = (1 —plaza”

n>0 n>0

[a1+a2x—|—a3m2+...} =(1-p)> a,z"

n>0

i [(ao +ayr + axx® + .. ) —ao| = (1 —p)G(z)
GO0 _ (o)

p
Gle)= 1= z(1—p)

]

The probability generating function for the de Bruijn process run length when
m = 2 is given in Lemma 4.10. Due to the similarities with the geometric distribution,
the format will be very similar and we can use some of the same techniques used

previously to obtain the final result.

Lemma 4.10 (Run Length Probability Generating Function, m = 2).

Glx) (poipit — potpit) @* + ot
1 —piiw

Proof.
) for n =1
P(run length =n) =
por(pi)"*p1y for n>2,

The recurrence relationship has the following form:
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a0::0
ay = P[l)(l)
az = poipiy
(pi1 = pﬂan for n>2

This is solved to find the generating function G(z) = 3,5 a,2". Then, multiplying

by 2™ and summing over n gives the following:

n __ 11 n
D 2" =) priane

n>2 n>2
(a3x2 + agx® + aszt + .. ) = pi (Z apx" — ag — alx)
n>0
1
- [(ao + a7 + agz® + .. ) —ap — T — azxﬂ = pi (G(x) - pé?x)
G(z) — ploz — plipl0y?
IZPUEZIOPEE b (G(a) ~ ple)

T

G(z) = (poipit — potpir) @* + pote

1 - piiz

]

Finally, the probability generating function for the de Bruijn process run length
for m > 3 is given in Theorem 4.11. Again, it has the same structure as both the
geometric and m = 2 cases, with the slight difference that there is now an additional
polynomial added to the final answer. This additional polynomial comes from the
initial burn-in period until we hit the point when we reach the all 1 word. Once
we have hit this word, and continue adding 1’s to the chain, then this becomes
equivalent to the geometric distribution. This can be seen in the result since the first
polynomial terms represents the burn-in and the fraction term is of the same form

as the geometric generating function.
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Theorem 4.11 (Run Length Probability Generating Function, m > 3).

Pam 1Ay
Za z + M1
I —pim_yx

where,
2am—2_1
o . 23(i mod 2 3) 42
ay = (4)Pait
i=0
2""_2 1 3 3 4 4 3
i 23 (i mod 2™ 3)+3 2%(i mod 2™~ *)+(2°—1)—1
az = 7(4)Pait D93(i mod 2m—3)+(22-1)
i=0
am—2_1 [m—2 .
. .\ 23(i mod 2m3)+3 2913 (5 mod 29 73)+(2042 1)~ 1=, 1
Um—-1 = W(Z)p4i+1 H DPoit2(i mod 2m—i=2)4(20+1-1)
=0 LJj=1
am—2_1 (m—2 , ,
_ .\ 23(i mod 2m73)+3 2713(i mod 2m I 73)4(2912-1)| 9om_9
am = 7(1)P1ita Paoi+2(i mod 2m—i—2)4(2i+1-1) | Pam—1
i=0 Lj=1
Proof.
P(run length = n)
Qm 2_ . 23(i mod 2m~3)4-2 .
Yy (i ) Pit1 for n=1
Qm 2_q . 23(i mod 2™ 3)+3 .
o (%) Dajin forn=2:m-—1
s—1 2713(i mod 2m I =3) (292 —1)— 1 ;-
X 521 Pasva(i mod 2m—i-2)4(2i41-1)
gm=2_1 ..\ 23(i mod 2m~3)+3
2 i=0 (%) Pait1
m—2 21+3(z mod 2m 7 73) (2942 1)
[H 2J+2(z mod 2m—3—2)4(25+1-1) for n Z m.
om_1 om 2
(pzm 1) p2m—1}
where,
2m—1m—3 . e kL o o e
(i) = Z e 2k+1(j mod 2m—k=1)4 3R ok—wtl (L (i—(i mod 2 2)))mod 2] ()
=ik Pok(j mod gm—k) 138 ok- w[(m( —(i mod 2m==2)))mod 2] J
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The recurrence relationship has the following form:

ap = 0
2 23 (i mod 27 ~3)+2
o . i Mo )+
ay = (1) Pait1
i=0
o . 23(i mod 23)4+3 24(; mod 2m—4)+(23—1)—1
Az = (1) Pyis1 D23 (i mod 2m=3)+(22—-1)
i=0
! 23 (i mod 2™ ~3)4-3 2743(4 mod 2Mm—I73) (2912 -1) | om_9
m = Z (1)P1it1 H Dait2(i mod 2m—i-2)4(2i+1-1) | P2m—1
i=0 j=1
m__
Apy1 = pgm_}an for n>m

This is solved to find the generating function G(z) = 3,5 @,2". Then, multiplying

by 2" and summing over n gives the following:
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Z px" = Z pgz %ana:

n>m n>m
m m+1
(am+1$ + o
2 om_ 1
+am+3l‘m+ +) _p2m Zaxn _ao_alx_...
n>0
- amilwmfl
1 2
—[(ag—l—alx—l—aﬂ —l—)
T
m
—ao—alx—...—amxm} =pom 1 |G —
m t
G—Ylomx _ gm_y G —
= Pom_3
T
-1
G Zat.r — xp2m G 2m 1 Z asT
t=0

m
2m 1 2m 1 t 2m 1
G (xpgm 1 1) = TPoym_; E asx’® — E aGx’ — TPom_1Gmx"

(xpzm } 1) (Xm,asx®) — A T

G = om_1
pzm ﬂf — 1
m 2M — m-+1
pszla o
G = E asw® +
s 1 2 1
s=0 — Pom 1 X

where,
am-2_1
-~ 23(i mod 2m73)+2
a1 = Z 7T<Z>p4i+1
i=0
2m—2_1
. 23 (i mod 2™73)+3 24(i mod 2m~4)+(23-1)—1
az = (4)Pait D23 (i mod 2m—3)+(22-1)
i=0
S .~ 23(i mod 2m73)+3 =2 2913 (3 mod 2m I 73) 4 (292 1)~ 1=y o
am =Y m(D)ps L1 Paiv2(i mod ams-2) 21 1)
i=0 | j=1
2m—2_1 [m—2
o -~ 23(i mod 2m73)+3 2713(; mod 2 73)4(27+2-1)| om_o
am = W(Z>p4z‘+1 H pg;+2(z mod 2m—i—2)4(2i+1-1) | Pam—1
i=0
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Moment Generating Function

As well as probability generating functions, it is also important to calculate moment
generating functions. They take the form G(z) = E[e"*] = >.0° | ¢"*P(run length =
n) for n = 0,1,2,..., and are used to find the moments of the distribution. G(0)
always exists for the generating function and is equal to one. The moments, mg, are
found by taking derivatives of a power series of the generating function, such that,
m, = G©)(0). In other words, the s** moment, will be found by evaluating the s
derivative of G at zero.

As before, I will start by showing the moment generating function for the geometric

distribution, given in Theorem 4.12. Results from this theorem will then be used to

help form G(z) for the run length distribution.

Theorem 4.12 (Geometric Moment Generating Function).

Proof.

PX=n)=1-p)"p for n>0

The recurrence relationship has the following form:

ap =p
a; = (1—pp
an1 = (1 —pa, for n>0

This is solved to find the generating function G(z) = X,5¢ane™. Then,

multiplying by €™ and summing over n gives the following:
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Z apii€™” = Z(l — p)ae™®

n>0 n>0

[al + aze® + aze® + .. } =(1-p) Z ane™”
n>0

= [(a0 + are” + aze® +...) — ao] = (1 - P)G(a)

=P (1 paw)
B p
GO =iy

]

The moment generating function for the de Bruijn process run length when
m = 2 is given in Lemma 4.13. We can clearly see the similarities between this, the
geometric moment generating function and the probability generating function for
the m = 2 de Bruijn run length. If we differentiate this result, we can obtain the
results for the expected run length from Lemma 4.3, which is given in Appendix A.
Using a computer package such as Maple, we can further obtain the result for the

squared expected run length in Lemma 4.7.

Lemma 4.13 (Run Length Moment Generating Function, m = 2).

) = (poipi] — poipil) € + pole”
(I) _ 11,2
1 —prie

Proof.

ey for n=1
P(run length = n) =

por(pi)" ?p1)  for n > 2,

The recurrence relationship has the following form:
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ag = 0
ay = P(l)(l)
az = poipiy
(pi1 = pﬂan for n>2

This is solved to find the generating function G(z) = X,5¢ane™. Then,

multiplying by €™ and summing over n gives the following:

S s = ¥ pllae”

n>2 n>2

(age% + ase’” + age’® + .. ) = i1 (Z ane"” — ag — a1€m)
n>0

1
e [(ao + are” + aze® + .. ) —ag — a1’ — age%] =ph (G(:v) — p(l)?ex)
G2) — pl0er — pll10,22
€ p01€€x PorPui€" _ pll (G(x) . p(l)gex)

Glx) = (Poipit — poipin) €% + pore”

1 —pife”

]

Finally, the moment generating function for a length m > 3 de Bruijn process
run length is given in Theorem 4.14. As for the case in Theorem 4.11, we can see
the similarities to the geometric case, but with the addition of a polynomial term
representing the burn-in period to the de Bruijn word consisting of all 1’s. The
addition of the polynomial is necessary as it represents all of the different possible
starting points for all of the different runs created until we reach long runs of 1’s.
Using Maple, we can obtain the results for the expected run length and squared
expected run length shown in Lemmas 4.6 and 4.8 from the moment generating

function.
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Theorem 4.14 (Run Length Moment Generating Function, m > 3).

m m+1)x
= a,e”+ 1 T
= — Pam_1€

where,
S 23(i mod 2m=3)42
o . i mod 2™ 7))+
ay = Z 77(2)294z‘+1
i=0
—2
B g 23(i mod 2™~3)+3_2%(i mod 2™~ 4)+(23—1)—1
Az = T(4)Pait1 D23 (i mod 2m=3)4(22-1)
i=0
ot 23(i mod 2™—3)+3 o2 2043 (i mod 2m—1=3)4(20+2-1)—1
. i mod 2™ 7))+ i mod 2™~ j=n—1
Am—1 = Z 7(1)Pait H Dai+2(; mod 2m—i—2)+(2i+1-1)
=0 L =1
2m—2_1 [m—2 ‘ ‘
. .\ 23(i mod 2m~3)+3 203 (3 mod 2m I 73) 4 (2912 -1) | 9m_9
m = 7(4)Pais1 Dai+2(; mod 2m—i-2)4(2i+1-1) | Pam—1
i=0 | j=1
Proof.
P(run length = n)
om—2_1 . 23(1' mod 2m_3)+2 f =1
20 () Paita or n =
2”” 2.1 /- 23(i mod 2m3)+3 .
i (%) Paisa forn=2:m-1

y n—1 2713(i mod 2m I =3) 4 (292 -1)—1 ;1
j=1 P2i+2(; mod 2m—i—2)4(2i+1 1)

om=2_1 ..\ 23(i mod 2™ 3)+3
>i=0 (i) Pait1

[Hm 9 27+3(; mod 2m—I3) 4 (292~ 1)}

2J+2 (i mod 2m—3—2)4(27+1-1) for n > m.

< ()" ]

where,

2m_ﬁ(zf(z mod 2™~572)))mod 2]

pzk(j mod 2m*k)+z’::1 2’6*3[(2,“_%(17(1' mod 2m~$-2)))mod 2] W(j)

(i) = >

2Mm—1m—3 k1 k-1 L
[ 2k+1(j mod 2m—k=1)4 3 KL gh—st1y(
=0 k=0

The recurrence relationship has the following form:



4.2 Run Length 123

CLOIO

am—2_1
-~ 23(i mod 2™ 73)+2
ar = Z 7(4)Pit1
i=0
2m—2_

1
23 (i mod 2m73)+3 24(i mod 2m~4)+(23-1)—1

az = (1) Pait D23 (i mod 2m—3)+(22-1)
i=0
mo__
Uny1 = Dam 10n for n>m

This is solved to find the generating function G(z) = X,5pane™. Then,

multiplying by €™ and summing over n gives the following:
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Z Qpire™ = Z p§Z %an ne

n>m n>m

max m+1)x
(Gm+1€ + am+2€( )

+am+3e(m+2)x + .. ) — pgm:% Z 4™ — ag — aje” —

n>0
. am_le(m—l)x
1 2z
ag + are” + age™ + ...
e.Z‘
om_1
—ao—alex—...—amemx} = Pom_3 G—Zas )
G — Zm tr m—1
t=0 @€~ om_3 G — Z
et - p2m—1 as
s=0
m m—1
tx om_1
G =Y @ =e"pyn 1G — €"pon_; ase®”
s=0
—1 xr, 2M—1 < sT O tx x, 2M—1 mx
G(epom 1 — 1) =€ pam_1 Y ase™ — > ae” — " pn"jane
s=0 =0
-1 m om_1
(e P i 1) >, asesx) — " Pom_1ame™*
G = om_ 1 1
p2'm -
m 2m—1 (m+1):v
DPom_1ame€
o sT
G=) ace™+ 1,
—0 1 —poym_ye
where,
2m=2_1
.~ 23(i mod 2m73)+2
ar = Z (1) P1it1
i=0
2m—2_1
. .\ 23(i mod 2m73)+3 24(i mod 2™~ 4)+(23-1)—1
a2 = ZO T (0)Pait1 P93(i mod 2m—3)+(22—1)
1=
2m—2
- .~ 23(i mod 2m73)+3 2713 (3 mod 2 I 73) 4 (292 —1)~1 1
m-1 = Z (1) P1it1 H Dai+2(; mod 2m—i—2)4(2i+1-1)
i=0 j=1
Sl .\ 23(i mod 2™ 73)+3 e 27+3( mod 2m I 73)4(20+2-1) | om_9
Ay = 7T(Z)p4i+1 H Dai+2(; mod 2m—i—2)4(20+1-1) | Pam—1
=0 j=1
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Cumulants

Cumulants (McCullagh, 1987; Wilf, 1994) offer an alternative to moment generating
functions, and the first three are equal to the central moments. The first cumulant
is the mean, the second is the variance and the third is the third central moment.
Cumulants are often used instead of moments, or even instead of the distribution
itself, because they are simpler to work with, especially if the form of the distribution
is complicated. The cumulant generating function is found by taking the log of the

moment-generating function such that:

K(x) = log [G(x)]
= log [E(e"")]

=log | €"*P(run length = n)

n=1

The cumulants are found by taking derivatives of a power series expansion of the
cumulant generating function, and then evaluating at zero. So, the sth cumulant, s,
is found by evaluating K*(0). Due to the relationship between the culmulant and
moment generating functions, it is therefore possible to obtain the cumulants from
the moments and the moments from the cumulants.

When trying to find the cumulant generating function for the run length distribution,
we take the natural log of the moment generating function. However, by doing this
we find that the expression ends up more complicated due to the term, 1 — pZ.~1, in
the denominator which is hard to simplify. Therefore, I choose to not proceed any
further. I will, however, briefly use the cumulant generating functions in Section 4.2.6
for examples of the run length distribution. I will use the fourth central moment,
the kurtosis, us = K*(0), to find the variance of the sample variance, 4 — %

It is possible to develop new cumulants. For example there exist tree cumulants,
binary cumulants (Zwiernik and Smith, 2012) and generalised cumulants (McCullagh,
1987). Tree cumulants are used for describing models that have a specific graphical

structure, whereas binary cumulants are used for simplifying distributions on binary

sequences. Generalised cumulants are formed from different groups of joint cumulants
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which can be partitioned in different ways based on different correlations between
variables. It therefore may be possible to generate a new type of cumulant that

would be more suited to de Bruijn graphs, but I leave this for future exploration.

4.2.5 Non-Stationary de Bruijn processes

Non-stationary models were briefly mentioned in Chapter 3 and, although I do not go
into great detail on the subject, I will show how non-stationarity can change the run
length distribution and expected run lengths of length m = 2 de Bruijn processes.
For the non-stationary case, the transition matrix of the latent Markov chain
changes with respect to time, such that the transition probabilities are different at
each change in state. Hence, for a length two de Bruijn process, the non-stationary

transition matrix is as follows:

L=p? P 0 0

o |0 0 1-pii? pii"
LY Y 0 0

0 0 1-pi? puv

fort=0,1,2,....

The distribution of the run length for word length two is given in Lemma 4.15.
This is equivalent to the stationary version shown in Lemma 4.1 with the addition
of the transition probabilities being dependent on the time ¢. The time starts with
t = 1, representing the beginning of the run of 1’s, and finishes when the 0 is added

to complete the run.

Lemma 4.15 (Non-Stationary Run Length Distribution, m = 2).

p(l)(l](tzl) for n=1

P(run length =n) =

t=1 n— t=i t=n
pcl)%( ) Hz':zlpﬂ( )} p%(f( ) for n > 2,

Proof. Follows from Lemma 4.3 with the addition of the transition probabilities

being dependent on time, t. O
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Similarly as for the stationary case, the expected run length for the non-stationary
length m = 2 de Bruijn processes is given in Lemma 4.16. Since the transition
probabilities are now dependent on the time step, we can no longer use results from

the geometric distribution to simplify results.

Lemma 4.16 (Non-Stationary Expected Run Length, m = 2).

t=1) t=1 (t=1 (t=n
E [run length] = p(l)(l)( + (1)%( )[Z lel ) %(1) )]

Proof.

E [run length] = Y n x P(run length = n)

n=1

1
(t=1) t=1) t=i) (t=n
AR [rm# | e

1=2

:p(l)(l)(ltzl)+ (1)% (t=1) lz H 11(t i) 10(t N)]

4.2.6 Examples

In this section I will discuss several examples which are designed to compare the de
Bruijn process run length distribution against run lengths that are created though
simulation. I will be considering the examples shown in Figures 3.4, 3.6 and 3.7
from Chapter 3. These figures consisted of six examples from de Bruijn processes
with word length m = 2 with the transition probabilities, {p3, pi1, p%%, pi1}, being:
{0.5,0.5,0.5,0.5}, {0.25,0.75,0.25,0.75}, {0.1,0.9,0.1,0.9}, {0.05,0.95,0.05,0.95},
{0.9,0.1,0.9,0.1} and {0.775,0.8,0.8,0.9} respectively.

Table 4.1 shows the probabilities of getting a run length of n 1’s, where n =
1,...,10, from the run length distribution in Theorem 4.2 for these six examples
(presented in the same order as above so that DBP 1 refers to the de Bruijn process
with transition probabilities {0.5,0.5,0.5,0.5} and DBP 6 refers to probabilities
{0.775,0.8,0.8,0.9}).
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H Run Length,n | DBP1 DBP2 DBP3 DBP4 DBP5 DBPG6 H

0.5 0.25 0.1 0.05 0.9 0.2
0.25 0.188 0.09  0.0475 0.09 0.08
0.125 0.141  0.081 0.0451 0.009 0.072

0.0625 0.105 0.0729 0.0429  0.0009  0.0648
0.0313  0.0791 0.0656 0.0407 9 x 10~* 0.0583
0.0156  0.0593 0.0590 0.0387 9 x 107> 0.0525
0.00781  0.0445 0.0531 0.0368 9 x 107¢ 0.0472
0.00391  0.0334 0.0478 0.0349 9 x 1077 0.0425
0.00195  0.0250 0.0430 0.0332 9 x 107% 0.0383
0.000977 0.0188 0.0387 0.0315 9 x 1072 0.0344

Table 4.1 Table to show the probabilities of getting run lengths of n =1, ..., 10 for
six different de Bruijn processes of word length m = 2. The corresponding transition
probabilities ({pd%, pii, %5, pii}) for these four processes are as follows, DBP 1:
{0.5,0.5,0.5,0.5}, DBP 2: {0.25,0.75,0.25,0.75} , DBP 3: {0.1,0.9,0.1,0.9}, DBP

4: {0.05,0.95, 0.05,0.95}, DBP 5: {0.9,0.1,0.9,0.1}, DBP 6: {0.775,0.8,0.8,0.9}.

5 © 0O Utk W

We see that DBP 1 has a much higher chance at 50% of a short run length of
just one as compared to the next three de Bruijn processes (DBP 2, DBP 3, DBP
4). This then drops for the stickier processes until DBP 4 only has a 5% chance of
a short run length. We also notice that the probabilities for the stickier processes
stay fairly similar for all run lengths compared to the Bernoulli process (DBP 1)
that reduces very quickly. This is what we would expect since the run lengths for
independent Bernoulli trials tend to be very short. We also see this behaviour in the
anti-sticky example in DBP 5 where the probabilities for a run length any higher
than two quickly becomes very small. There is a 90% chance of a run length of just
a single 1 since this process is designed to alternate between the two letters. The
non-symmetric example in DBP 6 is shown to behave fairly similar to either DBP 2
or DBP 3.

We will now look at comparing the theoretical expected run lengths of 1’s and the
average run lengths of 1’s calculated from the simulations in Chapter 3. In the same
order as above, the average run lengths from the simulations were: 2.02, 4.10, 9.47,
19.60, 1.11 and 9.09 for length 200 sequences. Using Equation (4.3), the calculated
theoretical expected run lengths for the de Bruijn processes are: 2, 4, 10, 20, 1.11

and 9 respectively (see Table 4.3). For all cases, both values are shown to agree
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with on average a difference of 2.02%. Hence, this gives confidence that both the
simulated and analytic run lengths are calculated correctly.

If we now compare the theoretical variance of run length with the simulated
variance of run length we can see that the error between the results is much higher.
There is likely to be more variance in the simulations, especially if the de Bruijn
Markov chains are not run for a sufficient amount of time. For the example above,
the variance of run lengths from the simulations were: 2.21, 12.07, 93.57, 304.76, 0.12
and 88.69 respectively. We can see that when the de Bruijn process gets very sticky,
the resulting variances become much larger with a larger difference even between
DBP 3 and DBP 4 where the transition probabilities are fairly similar. This can also
be seen in the histograms in Figure 3.5, where the spread of run lengths gets much
larger in the sticky processes. We can see that occasionally we get a very long run
length, but also get times when we have very short lengths. If we compare this to
the analytical variances calculated, we get: 2, 12, 90, 380, 0.12 and 88 respectively
(see Table 4.3). So, for the first three de Bruijn processes we get very similar results,
but for the very sticky case (DBP 4), the variances from the simulation are lower.
This is likely to be due to the simulations being able to occasionally produce a very
long run length which will consequently skew the results by a large amount. We may
also not be running the de Bruijn process for a sufficient amount of time. Table 4.3
shows the analytical and simulated expected run lengths and variance of run length
for eight de Bruijn process examples. Alongside this are values for two standard
deviations of the sample expected run length and two standard deviations of the

sample variance of run length. These are calculated using the expressions, 4/ %2 and

14 o4(n—3)

n n(n—1)

respectively, where n = 200 and p4 is the kurtosis. This is the fourth
central moment and is found from the fourth differential of the cumulant generating
function of the run length distribution evaluated at zero (see Section 4.2.4). We can
see here that although the analytical and simulated variances of the DBP 4 example
do not agree, the difference is within 4+ two standard deviations.

The expected run length of the structured example (DBP 5) is 1.11, which is what

we would expect since the de Bruijn process is designed to be constantly flipping
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letters. The variance for this process is 0.12 which confirms that the process is
designed to be very structured and does not alter much from having an average run
length close to one. These both match exactly to the theoretical results. For the
non-symmetrical example (DBP 6) the expected run length is 9.09 and the variance
is 88.69. This is to be expected as I have defined the process to have the same
stickiness to 1’s as DBP 3 with transition probabilities {0.1,0.9,0.1,0.9}. As stated
in Chapter 3, I have defined the stickiness to be the same, but the example differs
due the marginal probabilities on the letters (w({0}) = 0.2 and w({1}) = 0.8). So,
the run lengths of 1’s should be similar, but the number of 0’s is reduced to just 20%
of the overall number of letters.

In Chapter 3, I also showed in Example 3.9 how certain de Bruijn processes with
higher word lengths can produce equivalent chains of 0’s and 1’s to those with shorter
word lengths. Hence, some larger word length de Bruijn processes can collapse down
to a shorter word length process. Table 4.2 gives the probabilities of getting a run
length of n 1’s for n = 1, ..., 4 for three different de Bruijn processes with word lengths
m = 2 (DBP 3), m = 3 (DBP 7) and m = 4 (DBP 8) respectively. All transition
probabilities for each process are such that there is a 90% chance of remaining at
the same letter and a 10% chance of transitioning to a different letter. This table
emphasizes how each de Bruijn process is equivalent since the probabilities are equal

for each n.

H Run Length, n | DBP 3 DBP 7 DBP 8 H

1 0.1 0.1 0.1

2 0.09 0.09 0.09

3 0.081  0.081  0.081

4 0.0729 0.0729 0.0729
Table 4.2 Table to show the probabilities of getting run lengths of n =
1,...,4 for three equivalent de Bruijn processes of word lengths m = 2,
m = 3 and m = 4. The transition probabilities are as follows:
DBP 3: {pgg, po1, P30, P11} = {0.1,0.9,0.1,0.9}, DBP 7: {p{is, pOoi, 2oso, Dot
oo, PRors pitos P} = {0.1,0.9,0.1,0.9,0.1,0.9,0.1,0.9}, DBP 8 {pgs. pooot

0101 0111 1001 ,.1011 ,.1101 ,.1111 0001 , 0011 ,0101 0111 ,.1001 ,1011 ,.1101 , 11117 __
Pooios Poo11> Po100> Poiots Po110» Po111> P1ooos P1oots Protos Piotls Piioos Piiot> Piiios Piinn) =

{0.1,0.9,0.1,0.9,0.1,0.9,0.1,0.9,0.1,0.9,0.1,0.9,0.1, 0.9, 0.1, 0.9}
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H D. B. Process | A. Exp S. Exp 2Sd(S.E.) A.Var S.Var 2Sd(S.V.) H

DBP 1 2 2.02 0.20 2 2.21 0.66

DBP 2 4 4.10 0.49 12 12.07 3.83

DBP 3 10 9.47 1.34 90 93.57 28.52
DBP 4 20 19.60 2.76 380  304.76 120.32
DBP 5 1.11 1.11 0.05 0.12 0.12 0.063
DBP 6 9 9.09 1.33 88 88.69 29.10
DBP 7 10 10.25 1.34 90 95.05 28.52
DBP 8 10 9.91 1.34 90 93.78 28.52

Table 4.3 Table to show the analytical expectation (A. Exp), simulated expectation (S.
Exp), two standard deviations of the simulated expectation (Var(S. E.)), analytical
variance (A. Exp), simulated variance (S. Var) and two standard deviations of the
simulated variance (Var(S. V.)) of the run length distribution given a sequence of
length 200 for eight different de Bruijn processes. These are the same de Bruijn
processes from Tables 4.1 and 4.2.

4.3 Inference

In this section I will outline a method for inference such that, given a chain of 0’s
and 1’s we will be able to estimate the de Bruijn process that may have generated
it. This will include estimating both the length of the de Bruijn word, m, and the
transition probabilities, p.

I first look to define the word marginal likelihood for a sequence of 0’s and 1’s
at steady state. We will then be able to estimate the marginal distribution for the
de Bruijn words in the chain. Either maximum likelihood or Bayesian inference can
be used, which should give the same answer as counting the proportion of each of
the words in the given sequence. For the de Bruijn structure, the likelihood takes a
similar form to a multivariate Bernoulli likelihood. The likelihood of the de Brujin
process with word length m = 2 (consisting of words {00,01,10,11}) is given in
Lemma 4.17. 7(7) is the marginal probability for the word 4, and n; is the number
of words, 7, in that sequence. The marginal likelihood is the joint distribution of
a sequence in terms of the proportion of different words in that given sequence.
Therefore, it consists of the marginal probabilities for each word raised to the power
of how many there are in the sequence. It is possible to reduce the dimensionality
slightly using the fact that all the marginal probabilities sum to 1, and that the n’s

add up to the total sum of all words (defined as N).
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Lemma 4.17 (Marginal Likelihood, m = 2).

L(seq) = m(00)"x(01)" m (10" (11)"

= 7(00)"°7(01)" 7 (10)™°[1 — (7(00) 4 7(01) + 7(10))] ¥~ (o0 +n01+n10)
for N = ngy + no1 + nio + n11 and 7(00) + 7(01) 4+ 7(10) + w(11) =1

Proof. Given a sequence of letters of length N + 1, the sequence can be split up into
its associated words of length m = 2, where 7(i) gives the probability of obtaining
the word 7. The joint distribution is given by the product of the respective n’s for
each word and N gives the total number of words. By collecting like terms, the

above definition is given. O

The marginal likelihood for a de Bruijn process with general word length m is
given in Theorem 4.18. This theorem has the same structure as for the m = 2 case,
where we are also able to take advantage of the 7’s summing to one, and that we
know the total number of words in the given sequence. Again, I have chosen to write

this in terms of the decimal representation of the binary values.

Theorem 4.18 (Marginal Likelihood, m > 1).

2m_1
L(seq) = [] =)™
i=0
gm_g om_9 N— (Z?:(;Q "J)
= II =)™ [t > =(j)

i=0 Jj=0
for N =Y 2" njand Y20 w(j) = 1
Proof. See Appendix A -

It is then possible to write down the likelihood for the transition probabilities so
that they can be estimated given a sequence. To begin with, I assume that the word
length is known, and concentrate on estimating the transitions. I note here that it is
far more difficult to estimate the word length as it is the word length that controls

how many transition parameters there are to be estimated. One possible solution is
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to use reversible jump MCMC (Green, 1995), but I have developed a more efficient
method explained further down in this section.

The likelihood for the transitions of a length m = 2 de Bruijn process is given
in Lemma 4.19, and the likelihood for the m > 1 case is given in Theorem 4.20.
The likelihood is the joint distribution of the sequence in terms of the transition
probabilities. However, the form of the likelihood does not obviously indicate that
this does in fact give the joint distribution of the sequence. The ordering of the
letters in the sequence is fixed and, due to the de Bruijn structure, the ordering
of the words is very important. This is due to the fact that for each word in the
sequence there are only two possible words that can be transitioned to. Hence, the
distinct number of times each transition occurs in the sequence defines the exact
ordering of the letters. Recall that each term pg in the likelihood is the transition
probability from word ¢ to word 7, and ni is the corresponding number of times this

transition occurs in the given sequence.

Lemma 4.19 (Transition Likelihood, m = 2).

00 01 11 00
L(seq|p) = (p39)™00 (p3)™00 (pid)"t (pp})™od (p39)™0 (p35)™30 (o)™ (pi})™s
= (1 — pio)" (p3a)"™00 (1 — pf)™7 (ppt)"an (1 — pS)mi6 (p2%)™

10
X (1 —pi)™ (pi})",

Proof. Assume a sequence of letters, L = ly,ls, ..., l,,, where [; € [0, 1] and the ordering
is fixed. This sequence can be expressed in terms of its de Bruijn words such that
L = wy,wy, ..., w,_1, where w; are the de Bruijn words of length m = 2. Consider the
joint distribution of this sequence. Starting from wy, the probability of transitioning
to the next word is p;;2. The probability of transitioning to the next following word
is, pp3. This is continued until the transition py"-! is reached and produces the
joint distribution, £(L|p) = py? X pd x ... x pyr=L. By collecting like terms for each

possible transition probability the above result is given. O

Theorem 4.20 (Transition Likelihood, m > 1).

— ((22+1) mod 2"M)—1 ((2i41) mod 2™)

S€q|p H ( (21-1—1) mod 2’") (pEQH—l) mod 2m>n
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Proof. See Appendix A H

The likelihood can then be used to estimate the transition probabilities given a
sequence of 0’s and 1’s either through frequentist maximum likelihood estimation
or using Bayesian methods. Given Bayes’ theorem, we know that the posterior
distribution is equal to the product of the likelihood, L(seq|p), and prior, P(p),
normalised by the probability of the data, P(seq), to give:

L(seq|p) P(p)
P(seq)

__ L(seqlp) P(p)
[ L(seq|p)P(p)dp

P(plseq) =
(4.4)

The prior distribution is where we can specify any prior knowledge we might have
about the transition probabilities. For example, we may know that the sequence is
very sticky to 1’s, and we can incorporate this into the prior distribution to put higher
weighting onto the transition that remains at the all 1 word. We can also look at the
form of the likelihood to help us choose the form of the selected prior distribution. If
the posterior distribution is in the same probability distribution family as the prior
probability distribution, then they are conjugate and the prior is a conjugate prior
for the likelihood function. Looking at the form of the transition likelihood, we can

see that it has a very similar structure to the beta distribution. Hence we are able

to use a Beta prior of the form, P(p) = &g??g)pafl(l —p)P~1 for a > 0and 3 >0,

to produce the posterior distribution for the transition probabilities.
If we initially start with the de Bruijn word length m = 2 case, the transition

likelihood is as above:

100 n01 nlo nll 100 no1 nlo nll
L= (1=po)" (pho)"™ (1=per)"™" (po1)" (1=po)™® (Po)™* (1—pi1)™* (p11)™"

I
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which we can then combine with a Beta prior to obtain a posterior distribution which

is proportional to the following:

P(p|seq) oc L(seq|p)P(p)
= (1= )" (pg)"™ (1 — pg)™ ™ (phy)™ !
x (1= pi)™" (po1)™ (1= pi1)™ " (pg)*>
x (1= pig)mie (pfg)™io (1 — pig) =" (pif)>

nlO nll o —
x (1 —pip)™ (p)™ (1= pip)™ " (pi) ™!

— (1 _ pg(l))n88+51—1 (pgé)ngg+a1—1
(1= it gt
(1= e iy

X (1= i)t (pipmitest,

Hence, the posterior distribution for the de Bruijn process transition probabilities
is a product of beta densities. Although the denominator in Equation (4.4) is often
difficult to define explicitly, it can be found in this example due to the prior and
posterior distributions having a conjugate relationship. Hence, we can state the
following:

T'(ng + 51) (ngo + a1)
['(ng + ndy + B1 + a1)
)
)

(nd3
I'(nf) + 53) (ns + a3
L'(nf) 4+ nf + Bs + ag

T'(ng) + 52) (no1 + ap "
['(ng} +ngt + B2 + az
I'(ng} + 54) (n11 + o
T'(ngd +nit + Ba + au

/ P(seq|p)P(p)dp =

)
>) (45)
)

This equation is known as the model evidence. For the general case when m > 1,

the posterior distribution is given in Theorem 4.21.

Theorem 4.21 (Posterior Distribution for de Bruijn Probability Transitions, m > 1).

L(seq|p, m)P(p|m)
P(seq)
L(seq|p, m)P(p|m)
L(seq|p, m)P(p|m)dp

P(plseq) =
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where,
om_1 ((2i+1) mod 2™) p((2i+1) mod gm),1+ﬂ_ _1
L(seqlp,m)P(plm) = [ (1 -p; )" "
=0
% (p§(21+1) mod Qm))n£(21+l) mod 2m)+o¢i+1—1
and
om_1 ((2é4+1) mod 2™ ((21+1) mod 2™)
I'(n 4 Bi)C (g ) + Qit1)
P(seq|p, m)P(p|m)dp = - T
_/ E) F<n£(21+1) mod 2™)—1 + n§(22+1) mod 2™ + 5i+1 + Oéi_H)
Proof. See Appendix A O

For large data sizes, this result can experience computational problems. Hence,

we can either work in the log scale, or we can use the following:

D(ny+a)D(ng +8) SO (o + ) S T2, (B + )

D(ny+ny+a+8) 7(315551";’82) [ (a+ B+ k)

afT ()T (B)(a + B+ n1 + 1) ﬁ ati
Mla+B)(a+B)a+n)(B+n) s a+p+i
. B+
XHa+ﬁ+m+j

j=1

Now that I have shown how to estimate the transition probabilities given a
sequence of 0’s and 1’s, I will outline a method to estimate the de Bruijn word length
which was most likely used to generate the sequence. This is a much harder problem
when linked with the transition probabilities, since we require a different number of
transition probabilities for different word lengths, m. Since the word lengths can only
take integer values, I have chosen to proceed using a method of model comparison
called Bayes’ factors (Kass and Raftery, 1995; O’'Hagan, 1997). This is based on
the Bayesian approach to hypothesis testing where we decide whether some given
data has arisen under one of two different hypotheses. In terms of the de Bruijn
process, we would question whether a sequence, S, of 0’s and 1’s was created from a
word length m; de Bruijn process (hypothesis 1) with probability P(S|m;), or from
a length msy de Bruijn process (hypothesis 2) with probability P(S|ms). For both

of these, we would also have the prior probabilities, P(m;) and P(msy) respectively
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that the sequence was indeed generated using a length my or my de Bruijn process.
When combined with the data this then gives appropriate posterior probabilities,
P(m4|S) and P(ms|S) = 1— P(m4|S). If we consider Bayes’ theorem in terms of an
odds scale of these hypotheses when in favour of m;, then we come to the following

equation:

P(my|S) — P(S|ma) P(ma)
If we say that the hypotheses, m; and msy, are equally likely then we can define the
Bayes’ factor to be the posterior odds in favour of m;:
P(S
By, — PSIm)
P(S]ms)
Since the transition probabilities are unknown parameters in this case, we find

an expression for P(S|my) by integrating over the parameter space. This becomes:

P(S|my) :/‘C<S|pk7mk)P(pk|mk) dpy,

for k € {1,2}, where L(S|px, my) is the likelihood of the data and P(px|ms) is the
prior density of the model parameters, p. We immediately notice the similarity
between this and the model evidence in Equation (4.5) (for m = 2) and Theorem
4.21. Due to the fact that we have a conjugate relationship, we can now state that
the Bayes’ factor ratio is equivalent to the ratio of the model evidences for each of
the model hypotheses, which is shown in Theorem 4.22. I note here that it is not
necessary to calculate the posterior on the transition probabilities since the expression
for the Bayes’ factor is only dependent on the prior density. For each calculation
of P(S|my), we will know the length m;, and hence the quantity of parameters, p,
which are to be estimated.

In the set up of the de Bruijn process, I make the assumption that the word
length, m, will remain fairly small. This is pragmatic as large word lengths create a
vast number of transition probabilities to be estimated, and the increase in dimension
does not have much effect on the accuracy of the estimates. Therefore, I will make

the choice to limit word lengths to not be greater than 10. So, to choose the word
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b(S|m;)
P(S|m;)

length that best represents the data, we calculate B;; = for each pair of
models where i, 7 € {1,2,...,10} and select the value for m in which the Bayes’ factor
is consistently higher. When values of B; ; are large, this gives us more evidence that
we should reject the model with word length m; in favour of the model with word
length m;.

By only selecting 10 different models to compare and choosing the one that best
represents the data, this adds a frequentist aspect to our method. Instead, we could
opt to do this in a fully Bayesian way to maximise the Bayes’ factor and allow any
word length to be considered. However, to do this we would have to put a fairly

strong prior on m to minimise large potential word lengths. This is left for future

work.

Theorem 4.22 (Estimation of De Bruijn Word length by Bayes’ factors, m > 1).
Consider a sequence of 0’s and 1’s which was generated under one of two hypotheses.
The first is a de Bruijn process with word length m; and the second is a de Bruijn

process with word length my. The Bayes’ factor ratio is as follows:

5, . — P(SIm)
b2 P(Smy)

where,

P(S|my) = / P(S|p, my) P(p|my)dp

PEA D (@ A2 4 g )PP 4 ag)

i
((2¢4+1) mod 2™k )—1 ((2¢4+1) mod 2™k

i—o  I'(n; +n,; ) + Bit1 + Qit1) 7

for k € {1,2}. When values of B » are large, we have more evidence to reject the
first hypothesis with word length m; in favour of the second hypothesis with word

length ms.
Proof. Follows from Theorem 4.21. O

I would lastly like to point out that, when calculating P(S|my) for each possible
word length, we integrate over the unknown transition probabilities. This then

removes this parameter from the equation and we are left with a result that is
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independent of the transitions. The only knowledge that we need to estimate the
word length is the prior distribution on the transition probabilities, and the number
of times each transition takes place in the sequence. This is a highly efficient result
since the number of transition probabilities changes dependent on the word length.
Since we have a conjugate relationship, and are independent of the transitions, we
find that it is then very computationally efficient to calculate P(S|my) for each word
length my, for each £k =1, ..., 10. Thus, given a sequence, once we have successfully
estimated the word length m, we can then use the result given in Theorem 4.21 to

estimate the corresponding transition probabilities for the chosen model.

4.3.1 Examples

I will now present three simple examples to illustrate how to perform the inference
from Theorems 4.22 and 4.21 on a given sequence. This will include how to use Bayes’
factors to select the most likely word length, m, and how to estimate the transition
probabilities. The first given sequence, S, is shown in Figure 4.1. This sequence
was created with a length m = 3 de Bruijn process with transition probabilities,
{PGo0- P01 ovo: Poit» Pioo: Plor Pivo, Pinn b = {0.10,0.80,0.30,0.85,0.15,0.70, 0.20, 0.90}.
It has 500 time steps and is shown to be very sticky to both 0’s and 1’s (since the

marginals are 7(0) = (1) = 0.5).

Symbol
! : . : . : [ K
0 200 300 400
x1

100 500

Fig. 4.1 Sample from a length m = 3 de Bruijn process with letters 0 and

iy ) 001 ,011 ,.101 111 ,001 011 ,.101 , 111
1. The transition probabilities are: {pooo,p001,p0107p0117p1007p1017p1107p111

{0.10, 0.80, 0.30, 0.85,0.15,0.70, 0.20,0.90}.

We begin the example by trying to estimate the word length using Bayes’ factors
with the model evidence stated in Theorem 4.22. The model evidence for the sequence,
S, is calculated for each of the models, my. Each of these models represents the de
Bruijn process for different word lengths, m =1, ..., 10, for comparison. We require
the prior distribution for the transition probabilities to calculate the model evidence.

We do not assume any prior knowledge, so let each @ = 3 =1 for the equivalence of



140 De Bruijn Process Properties and Inference

a Uniform prior. A Bayes’ factor ratio is calculated for each pair of word lengths
such that:

Bij = = for i,j=1,...,10.

The ratios, B, j, produced for word lengths m = 2, .., 8 are shown in Table 4.4.
The values given are on a logarithmic scale and I note that since the table is anti-
symmetric about the leading diagonal, we only need to analyse the lower triangular
section. When B; ; > By ; for all ' =2,...,8 and j = 2, ..., 8, this indicates that the
model, m;, is preferred and that the sequence was created with a length m = i word
de Bruijn process. Looking at the table, we can see that the values in the column for
m = 3 are always largest across each row. Therefore, we conclude that the sequence

was generated using a length three de Bruijn process.

|

Hz 3 4 5 6 7 8 H

0.00 591 -0.81 -13.85 -34.14 -55.76 ~-75.15
-5.91 0.00 -6.72 -19.75 -40.05 -61.66 -81.05
081 6.72 0.00 -13.03 -33.33 -54.94 -74.33
13.85 19.75 13.03 0.00 -20.30 -41.91 -61.30
34.14 40.05 33.33 2030 0.00 -21.62 -41.00
55.76 61.66 5494 4191 21.62 0.00 -19.39
75.15 81.06 7433 61.30 41.00 19.39 0.00

0~ o Uk w N B

Table 4.4 Table giving the log of Bayes’ factors for 7 models with word lengths,
m = 2,...,8 for the sequence shown in Figure 4.1.

I then estimated the word lengths of 1000 different sequences each of length

500 that were generated with a length m = 3 de Bruijn process with transition

probabilities: {p39s, Poot, Pive, Potts P3os, plat, pi%s, piit} = {0.10,0.80, 0.30, 0.85,0.15,

0.70,0.20,0.90}. The distribution of these estimated word lengths is shown in the
histogram in Figure 4.2. We can see here that although the majority of the sequences
are estimated to have a word length of three, it is possible to produce sequences
from the same transition probabilities that are actually more similar to sequences
produced with word lengths one, two or four. This is to be expected and if we
increased the length of the sequences, the proportion of sequences estimated to have

the correct word length would also increase.
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400~

count

200-

word_length

Fig. 4.2 Histogram of estimated word lengths from the example in Figure 4.1.

Having estimated the word length to be m = 3, the corresponding transition
probabilities for the sequence are now estimated. This can be done by either
using a maximum likelihood approach or by using a simple Metropolis Hastings
MCMC. By taking the Bayesian approach using the likelihood in Theorem 4.20,
and assuming we have uninformative priors, I estimated the parameters to be:
{0.108,0.809, 0.278,0.852,0.168,0.658,0.177,0.902}. Comparing this with the de
Bruijn process that was used to generate the sequence shows that the estimation has
proven to be successful with minimal error uncertainties on estimates.

The sequence for a second example is shown in Figure 4.3. This example differs
from the first one above since the marginal probabilities for the letters are not equal.
Instead I have set 7w({0}) = 0.2 and 7({1}) = 0.8. The sequence is of length 500 and
was generated with a length m = 2 de Bruijn process with transition probabilities:
{8, pit, P8, pit} = {0.775,0.7,0.825,0.9}. Therefore, we still expect the 1’s to be
highly sticky.

The word length for the given sequence is estimated using the same method as
explained for the previous example. This includes calculating the model evidence
used for the Bayes’ factor for de Bruijn processes with word lengths m =1, ..., 10,

and then calculating the Bayes’ factor ratio for every possible pair of models. Table
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4.3 shows the results from this and shows that the most likely word length to have
generated the sequence is in fact m = 2 since all values in the second column
are always the largest across each row. Again, these values are converted to the
logarithmic scale and we need only focus on the lower triangular section of the table
due to the anti-symmetry about the leading diagonal. Given the word length was
estimated to be two, we can then estimate the corresponding transition probabilities.
Using a simple Metropolis Hastings MCMC, I obtained the following estimates:
{pol, pit, pls, pit} = {0.768,0.688,0.819,0.897}.

Symbol
0
L
0 100 200 300 400 500
x1

Fig. 4.3 Sample from a length m = 2 de Bruijn process with letters 0 and 1. The
transition probabilities are: {pdg, o1, Pies i1} = {0.775,0.7,0.825,0.9}.

H1 2 3 4 5 6 7H

0.00 14.17v 312 -599 -17.90 -36.45 -51.65
-14.17  0.00 -11.06 -20.17 -32.07 -50.62 -65.83
-3.11  11.06 0.00 -9.10 -21.01 -39.56 -54.76
5.99 20.17  9.10 0.00 -11.90 -30.45 -45.66
17.90 32.07 21.01 11.90 0.00 -18.55 -33.76
36.45 50.62 39.56 30.45 1855 0.00 -15.21
51.65 65.83 54.76 4566 33.76 15.21  0.00

N o otk w o || B

Table 4.5 Table giving the log Bayes’ factors for 7 models with word lengths, m =
1,...,7 for the sequence shown in Figure 4.3.

I again then estimated the word lengths of 1000 different sequences each of length
500 that were generated with a length m = 2 de Bruijn process with transition
probabilities: {pSs, pot, plo, pit} = {0.775,0.7,0.825,0.9}. The distribution of these
are shown in the histogram in Figure 4.2. Comparing this with the histogram in
Figure 4.2, we can see that the number of sequences with the correct estimated word
length (m = 2) has greatly increased with very few shown to be slightly lower or
higher. This may be because all of the transition probabilities in this example have
a significant effect on the resulting sequence and so we are sure of the word length

every time.
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250

i 2 3
word_length

Fig. 4.4 Histogram of estimated word lengths from the example in Figure 4.3.

The sequence for the final example is shown in Figure 4.5. This is the same
example as from Figure 3.9 where I showed that some de Bruijn processes can collapse
down to other de Bruijn processes with shorter word lengths. The example shows
a sequence of length 500 generated from a length m = 4 de Bruijn process where
the marginal probabilities are equal (7({0}) = w({1}) = 0.5) and the transition
probabilities are such that there is a 10% chance of swapping letter and a 90% chance
of remaining at the same letter.

After calculating the Bayes’ factors in the same way as the previous two examples,
the results are shown in Table 4.5. As expected, the results imply that the sequence
was generated using a length m = 1 de Bruijn graph, which is equivalent to just
a classical Markov chain. It gives a lower estimate because the sequence of letters
is indistinguishable from a sequence produced with a shorter word length. The
intermediate transition probabilities are not adding any further structure in the
model and are hence unnecessary. Given the estimate of m = 1, the transition
probabilities for the sequence are estimated to be p} = 0.102 and pj = 0.902. Hence
we can conclude that the sequence could have equally been generated with a length

m = 1 de Bruijn process with transition probabilities pj = 0.1 and p; = 0.9.
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Symbol
0
L
0 100 200 300 400 500

x1

Fig. 4.5 Sample from a length m = 4 de Bruijn process with letters 0

iy ) 0001 ,.0011 ,,0101 ,.0111 ,.1001 ,.1011 ,.1101
and 1. The transition probabilities are: {pggoo, Pooo1s Po010s Pooiis Poi00s Potols Po110s

ottt P1000> Poots PR616» Plots P1ioos Pitots Piites Pii y = 10.1,0.9,0.1,0.9, 0.1,0.9,0.1,
0.9,0.1,0.9,0.1,0.9,0.1,0.9,0.1, 0.9}

H

H1 2 3 4 5 6 7H

0.00 -7.24 -15.72 -24.49 -36.85 -56.61 -68.84
724 0.00 -848 -17.25 -29.61 -49.37 -61.61
15.72 848 0.00 -877 -21.13 -40.89 -53.12
2449 1725 8.77 0.00 -12.36 -32.12 -44.35
36.80 29.61 21.13 1236 0.00 -19.76 -31.99
56.61 49.37 40.89 3212 19.76 0.00 -12.23
68.84 61.61 53.12 44.35 31.99 1223 0.00

N O Utk w N =B

Table 4.6 Table giving the log Bayes’ factors for 7 models with word lengths, m =
1,...,7 for the sequence shown in Figure 4.5.

This is emphasised by the histogram in Figure 4.6 which shows the distribution
of the estimated word lengths of 1000 different sequences each of length 500. Each
of these sequences was created using the m = 4 length de Bruijn process (Figure
4.5) but for the majority of them, the Bayes’ factor method suggests that an m = 1

length de Bruijn process was more likely used.

4.4 Discussion

In this chapter, I have extended the ideas from Chapter 3 to look at both properties
of de Bruijn processes and inference. The main property that I have focused on is
the run length of 1’s that appear in the sequences of 0’s and 1’s generated from the
de Bruijn processes. I have presented expressions for the run length distribution,
expectation, variance and generating functions for both m = 2 and for general word
lengths greater than three. Due to similarities with the geometric distribution, I
was able to use known results to help simplify expressions where possible. I have
included examples to compare the simulated run lengths from Figure 3.4 in Chapter

3 to the theoretical expected run lengths that I have calculated here. They have
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Fig. 4.6 Histogram of estimated word lengths from the example in Figure 4.5.

shown to mostly agree, with the exception that we see more variance in the simulated
expected run lengths.

I then went on to look at the inference for de Bruijn processes and have shown
how to use a simple Bayes’ factor method to choose the word length that best fits
a given sequence. Once we have estimated the word length, it is then possible
to estimate the transition probabilities using either maximum likelihood or using
Bayesian MCMC.

In the next Chapter I will be discussing ways to extend the de Bruijn process to
two dimensions (and higher). This is a difficult problem since there is not a natural

direction in a two dimension grid, that is a key feature of de Bruijn graphs.






Chapter 5

De Bruijn Processes in Two

Dimensions (and Higher)

5.1 Introduction

In Chapters 3 and 4, I demonstrated that there was a need for a correlated Bernoulli
process, which would offer an improvement to current classification methods, such
as logistic regression (Chang et al., 2016; Diggle et al., 1998). To do this, I defined
a de Bruijn process, including methods of simulation and inference. A run length
distribution was also derived for the de Bruijn process which led to calculation of
an expected run length, variance of run length and generating functions. Several
examples were given to show the effectiveness of the method.

The natural next stage of this work, which I will develop in this chapter, is
a two dimensional correlated Bernoulli process. Although it would be simpler to
progress in the same way as the 1-d version, the distinct directionality in the de
Bruijn structure cannot easily be applied to a 2-d grid. Therefore, we must consider
whether it is better to adapt the 1-d directional methodology, including direction in
2-d in some way, or if it is better to develop a new formulation for the correlated
Bernoulli process.

In this chapter I will attempt the former, creating a directional multi-dimensional
correlated Bernoulli process using de Bruijn graphs. In the following sections, I outline

two different methods for generating such a process. The first method (Method 1)
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takes advantage of the structures of multivariate and higher-order Markov chains
(Ching and Ng, 2006; Ching et al., 2008), whilst the second method (Method 2)
focuses on defining the 2-d equivalent of a de Bruijn word. The second method proves
to be the more successful of the two, requiring fewer parameters, and allows us to
perform inference. The inference presented is equivalent to the inference method
in Chapter 4, as we are able to calculate the 1-d equivalence for each of the 2-d de
Bruijn words generated. Hence, each 2-d de Bruijn process is shown to be treatable
in the same way as a 1-d problem. Examples are given, along with a motivation
for a 2-d version of the run length distribution. Although not discussed at length,

insights on how to extend Method 2 to higher dimensions are also considered.

5.2 Towards a 2-d De Bruijn Process

To begin, we will discuss Markov random fields (Rue and Held, 2005; Winkler, 1995),
since they are a natural extension of a Markov chain to higher dimensions.
A random field, z, is a random function defined by its joint distributions. For

the random field to be Markov, it must satisfy the following constraint:
P(xil{z; : j #i}) = P(zil{z; : j € Si}),

where S; is a neighbourhood of points, {s; : j € S5;}, to the point, s;. Hence, the
distribution of a point within a Markov random field is only conditional on the
points within a specified neighbourhood and nothing else. In practice, Gauss Markov
random fields are used when z is Normally distributed with mean and covariance
functions. For such Markov random fields to be applicable for a 2-d correlated
Bernoulli process, we require that the random fields are discrete in space, and so
we may want to consider a binary Markov random field (Possolo, 1986; Smith and
Smith, 2006).

One particular type of Markov random field is a conditional autoregressive (CAR)
model (Banerjee et al., 2004; Besag, 1974), which lives on lattice grids or regions.

Each variable z;; is conditional on the neighbourhood of points, such that the
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probability distribution of z;; is independent of non-neighbouring points. Often,
a neighbourhood consists of the four surrounding points, x;_1 ;, @11, T;j—1 and
T; j+1, but it is possible for this to be extended. The outputs of a CAR model are
calculated by specifying the set of full conditional distributions satisfying a form of
auto-regression. These conditional distributions are often Normal, but can also be
taken from the exponential family.

Therefore, a Bernoulli CAR model may be appropriate for the 2-d correlated
Bernoulli process, and I may be able to use the concept of de Bruijn words to help
define different possible neighbourhoods depending on the amounts of correlation
required.

A similar concept to a Markov random field is a Markov mesh, introduced in
Abend et al. (1965). There, the authors extend a Markov chain to a 2-d Markov
mesh which follows a similar structure to a Markov random field, where each point is
dependent on its nearest neighbours. They also discuss whether the neighbourhood
dependence of each point need only be on those points in the upper left sector, rather
than all surrounding points. Hence, this incorporates a notion of direction.

Another possible approach, which has a similar structure to Markov chains
and de Bruijn graphs, is cellular automata (Agapie et al., 2014, 2004; Wolfram,
2002). Cellular automata (CA) define a discrete model consisting of a set of grid
cells, where each of these cells takes the value of one of a set of pre-defined states.
Often these states are just ‘on’ and ‘off” or ‘black’ and ‘white’, and so there is an
obvious connection with the type of grids being considered here. The CA model is
of particular interest as the value of a particular cell depends on a set of rules based
on the values of neighbouring cells. These rules are applied iteratively to each cell
until a desired outcome is reached. There are many alterations to the basic model,
including probabilistic cellular automata and Conway’s game of life (1970).

CA models initially appear to be ideal for generating 2-d correlated Bernoulli
simulations, as they are able to produce a grid of cells that each take one of two
different states, 0 or 1. We would then need to generate a set of rules similar to the

transition probabilities of Chapter 3 and 4, allowing us to iteratively produce the final
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grid pattern. In particular, we may be interested in probabilistic cellular automata,
discussed in Agapie et al. (2014), as we require a structure that is analogous to the
de Bruijn transition probabilities. Agapie et al. (2014) consider a model with an
N-length binary string consisting of the values 0 and 1. At each time step, one
cell is allowed to flip, and each cell has probability % of being selected to flip. If
selected, then the probability that the cell will flip is dependent on how many 1’s
there are in the neighbourhood of that cell. The Markov chain associated with this
process comprises of the 2%V possible binary strings of length N, where each string
can transform to any other string that is at most one cell flip in difference. The
stationary distribution is also provided in their article. Although I believe their
work could be extended to 2 dimensions, since there is no focus on direction, the set
up seems to have similarities with the multivariate Bernoulli distribution discussed
by Teugels (1990). Hence, it may have similar issues such as the high number of
parameters

Both cellular automata and probabilistic cellular automata simulate grids of 0’s
and 1’s iteratively. One of the main advantages of simulating iteratively is that it
removes any of the directionality that was present in the 1-d de Bruijn process, similar
to the work by Besag (1986) on removing noise from pixelled images. Although this
sounds promising, it is a large step away from the de Bruijn process described in
Chapters 3 and 4, and so I leave non-directional methods for discussion in Section 6.

Finally, we notice that cellular automata lack the de Bruijn structure that
determines how wide the dependent neighbourhood is for each cell. The model
structure may need to be changed so that it is also dependent on how many cells are
included in each neighbourhood. This could be treated in a similar way to the de
Bruijn word length. The majority of work on both probabilistic and non-probabilistic
cellular automata has been published by the same authors, implying that there has
either been little interest in the subject, or that its applications are limited. Due
to this and the other reasons stated above, I do not proceed with this method any
further, and instead attempt to find an approach that has more similarities with de

Bruijn processes.
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By trying to progress in a direction that is more closely related to de Bruijn
processes, I discovered that the term ‘2-d de Bruijn graph’ does in fact already exist
in the literature. However, after further investigation, I found that such methods
did not have the desired properties I am looking for. In fact, multi-dimensional de
Bruijn graphs normally refer to 1-d de Bruijn graphs where the word length is large.
Thus, I began considering alternatives for two dimensional de Bruijn graphs.

The first thing to consider when trying to build a two dimensional de Bruijn graph
is direction. As described previously, direction is a key aspect of a de Bruijn graph,
but it is not clear what form the direction takes on a 2-d grid. Initially, to retain
directionality, one can think of the space as being a 2-d grid, and consider having
two separate de Bruijn graphs - one in the x direction and one in the y direction.
Starting from the bottom left hand corner, we may then be able to simulate a grid
from a pre-defined initial condition. Although this is unlikely to cause problems
when considering its distributions and expectations, we have to ensure that there are
no contradictions in the simulation. The contradictions occur because it is possible
to simulate each point from two different directions (z and y). Hence, for consistency,
we would have to make sure that the probability of getting a 1 when simulating in
both directions at the same point was the same.

The second problem with such a model is that it ignores any correlation in
the diagonals. If you move only along the horizontal and vertical lines, then you
are ignoring the diagonal dependencies, which are clearly important for the full
correlation structure. Therefore, it may be more appropriate to build a de Bruijn
graph that simulates along the two dimensions simultaneously. I develop two possible
methods for this, which are described in the following sections. The first of these is
based on averaging over several 1-d de Bruijn graphs, whilst the second considers

what form a de Bruijn word may take in two dimensions.

5.2.1 Method 1

The connection between de Bruijn graphs and Markov chains means that we can

consider building a two dimensional Bernoulli process using multivariate Markov



152 De Bruijn Processes in Two Dimensions (and Higher)

chains. Multivariate Markov chains are introduced by Ching and Ng (2006) and Ching
et al. (2008) to model multiple categorical data sequences that have been generated by
a similar source or have notable correlation between them. They consider s different
categorical sequences, each with v possible states in the set V' ={1,2,...,v}. Each
5™ sequence has a state vector, X%j), at time t where, ng) =e =(0,..,0,1,0,...,),
if the j' sequence is in state [ at time t. The state probability distribution of the
7" sequence at time ¢t 4+ 1 depends on the state probabilities of all s sequences at

time ¢ and so they propose a multivariate Markov chain model as follows:
Xgi)l = 28: )\jkP(jk)xgk), for 7=1,2,....,s and t=0,1,...
k=1
where the weights, i, are non-negative real numbers such that,
ANk =>0, 1<3 k<s and i)\jk: 1, for j=1,2,...)s.
k=1

PU® is the one-step transition probability matrix from the states at time ¢ in

the k™ sequence to the states at time ¢ + 1 in the ™ sequence. Xﬁk) is the state

probability distribution of the £ sequence at time t, where, X(()j), is the initial
probability distribution of the j® sequence. The state probability distribution of the

k" sequence at time (4 1) depends on the weighted average of PUMX®)  In matrix

form, this becomes:

Xg}r)l A POD 2\ ,PO2) Ly POs) <M

Xgr)l Mot PUD 2\, P2 . ), P9) x\?
Xt+1 = ] =

Xgr)l A PCY ALPG2 o ) Ps9) x!¥

We can therefore consider multivariate Markov chains as a way to connect many
different 1-d Markov chains so that there is correlation spread across the ensemble.
The weights, A, act as a correlation parameter, controlling how much influence each

individual Markov chain has in the whole multivariate chain.
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Let’s consider an example with two sequences, S; and S, which are known to
have a degree of correlation between them. This gives us the multivariate Markov

chain as follows for each of the sequences, S; and Ss:

Xt-l—l - )\ P(S151) + )\ S18: 2P 5152)X£S2)7

Xt+21) = )\SQ 1P(SQSI) + >\ P SQSQ)X,ES2), for t= O, 1,

where in matrix form, this is as follows:

X o Xz(ff-ll) )\3151P(51S1) )\3152]3(515'2) Xl(fl)
t+1 = =
XSEl) /\525'1P(S251) )‘SQSQP(SQSQ) X§2)

For the model above, we require four values for A and four different transition
matrices, P. Each of the transition matrices, P give the probabilities of
transitioning from all of the states in .S; to all of the states in S;. For example, say
both S; and S, have possible states V' = {v;, vy, v3}. Then P15 is a 3 x 3 size
matrix, where the elements in P(°1%2) each give the probability of transitioning from
the state v; in S; to the state v; in Sy for all 7,7 = 1,2, 3.

It is important to note here that the authors (Ching and Ng (2006) and Ching
et al. (2008)) also introduced a higher order Markov chain (as mentioned in Section
3.2), for which there are many similarities with de Bruijn graphs. Higher order
Markov chains have a fairly similar structure to multivariate Markov chains since the
model becomes the weighted average of transition probabilities from the previous n
states. Abend et al. (1965) utilise higher-order Markov chains for the classification
of binary random patterns, where they consider black and white images to be two
dimensional arrays of binary random variables. Although they appear to be identical
in the output produced to a de Bruijn graph, I believe that de Bruijn graphs offer a
different layout that is simpler to follow. The total number of parameters for the
higher-order Markov chain is of order ns? (where n is the order of the Markov chain
and s is the number of states), but the total number of parameters for the similar de

Bruijn graph is of order 2 (where m is the de Bruijn word length).
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Although the authors do also consider a higher-order multivariate Markov chain
model, due to my previous work and simplicity in defining these sequences as de
Bruijn graphs, I have chosen to just adapt the first-order multivariate Markov chain
model to fit my layout in de Bruijn graphs. This is possible because de Bruijn graphs
are Markov on the ‘word’

In the work of Ching and Ng (2006), correlation is included across s different
sequences that are known to be generated from a similar source. For it to be possible
to use the ideas from this method to help create a two dimensional correlated Bernoulli
process, we must define a model input space that lies on a 2-d grid. We thus define
each row of symbols (or letters) in the model space to be the s individual sequences
with known correlation in the multivariate Markov chain framework. Therefore, we
are able to simulate grids of letters by initiating the Markov chain from one edge
and moving across, as we would in an ordinary 1-d Markov chain.

To fit within the de Bruijn framework, each state in the multivariate Markov
chain is a word of 0’s or 1’s that have length, m, so that like the 1-d case, words
are dependent on previous words in the chain. The notion of transitioning from
word to word in a simulation is lost slightly, since we focus on whether a specific
point is a 0 or a 1, dependent on the words that come before. The word length, as
defined previously for the 1-d de Bruijn graph, requires multivariate Markov chains
to be adapted further. In the general multivariate Markov model, the correlation
between sequences is spread over all rows. In this case, we define how much to
spread correlation via the word length, and so reduce how many rows are included
by only selecting those that are within the de Bruijn word neighbourhood. In 1-d de
Bruijn graphs, each point is dependent on the previous word which consists of the m
points that come before. Similarly, in the 2-d case, each point is now specified to be
dependent on the points in the m closest rows above and below in the input space.
In terms of de Bruijn words, we have each point being dependent on the previous m
length word along the same row, lower diagonal and upper diagonal. The model is
written as follows, where the probability distribution of the j* sequence of 0’s and

1’s is dependent on the probabilities of the m closest sequences in terms of the words
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at time ¢:
) Jj+1 ‘ .
xgi)l = Z AjkP(ﬂ’“)x§ ), for j=1,2,...,s and t=0,1,...
k=j—1

Since the transition matrix, PU®, gives the transitions in terms of words, and we
are still working with something that is Markov on the word and not the letter,
the summation only sums over three quantities. This is because the m rows either
side of sequence j are contained within the two diagonal m length de Bruijn words.
Hence, regardless of the word length, it is only ever necessary to average over three
probabilities.

The m = 2 structure is shown in Figure 5.1, where the green point is dependent
on the current row, as well as the two rows above and below. This translates to the
green point being dependent on the three words of length two in the three different
directions. The blue points represent 0’s and the orange points represent 1’s. We
can see that the green point is dependent on the m = 2 rows above and below the
current row, but it is due to the de Bruijn word property that we need only consider
the average probability in these three directions.

For a 2-d 3-word de Bruijn process, we would expand this to include the six
closest sequences to the current sequence chosen (three above and three below). Each
point would be dependent on the weighted average of the three length m = 3 words
along the same row, the upper diagonal and the lower diagonal. This is equivalent
to saying that each letter is dependent on the de Bruijn graphs running in three
different directions; along the same row, the upper diagonal and the lower diagonal
(shown in the diagram in figure 5.1).

The de Bruijn word length, m, determines how many rows are included in the
correlation, and, since I am defining the states to be words of length m, this is
equivalent to having three separate (but connected) de Bruijn graphs. If we then
simulate the grid of letters from the left edge, a transition matrix is needed for each
row, down diagonal and up diagonal in the input space. Following Equation 5.2.1,

we are taking the weighted average over the transition probabilities for the three
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de Bruijn graphs, which hence provides a direction from left to right as in the one

dimensional case.

@ 9@
O

Fig. 5.1 2-d de Bruijn Graph example with word length m = 2 to show the three
weighted de Bruijn graphs that the green symbol is dependent on. The blue points
represent 0’s and the orange points represent 1’s.

So far, each weight, A, is taken to be %, as [ am not assuming the correlation
in any one direction is stronger than in any other direction. This can be changed
to add weight to a particular direction, or we may consider ways to estimate these
weights for a given example. This is discussed in Ching et al. (2008) where they find
A to minimise the maximum distance between > ;" )\jkp(jk)ﬁ(k) and ¥V subject to
>p—1Ajk = Land A\j; >0, Vk. Here, X, is the proportion of the occurrence of each
state (or word) in each of the sequences.

Method 1 has to be adapted slightly when we are at the edges of the input
space and the number of letters in the diagonal de Bruijn graphs is less than the
word length, m. Here, we would have insufficient knowledge of all prior m letters,
and we instead use the maximum word length possible for these de Bruijn graphs.
This means that the very edge letters have no dependencies in one direction, and
so the contributed probability for the weighted equation above is drawn from an
independent Bernoulli distribution. For the next row in, this would then be the

equivalent to Markov since we know about one other letter. This continues for each

row until we reach the word length required for the remaining de Bruijn graphs.
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Examples and Extensions to Higher Dimensions

Two examples of 2-d de Bruijn processes with word length m = 3 are shown in figure
5.2. Both processes are run long enough to reach a grid of size 8 x 70. The top plot
is the simulated 2-d sequence when the de Bruijn word length is m = 0, and so each
letter is simulated from Bernoulli trials with probability 0.5. The dark blue points
represent simulated 1’s and the light blue points represent simulated 0’s. They are
shown to be equally and randomly distributed, as expected. The bottom plot is
constructed such that the 0’s and 1’s are forced to be very sticky, but the marginal
probabilities remain at 0.5. The dark blue and light blue points now occur in patches,
which is the 2-d equivalent to the large run lengths seen in the 1-d version.

To generate both of these plots 24 different transition matrices are required, to
reach a total of 158 transition probabilities. There are 158 such probabilities required
because a transition matrix for each row, upwards diagonal and downwards diagonal
is required. In the bottom plot, for the rows and inner diagonals where we have
not reached the edge, I have set the transition probabilities to be approximately
{PBoo: POo1+ Potos Poiis P1oo: Plots Pitos Pt} = {0-1,0.7,0.3,0.8,0.2,0.7,0.3,0.9} to create
a sticky grid for both 0’s and 1’s. As we get closer to the edges of the top and
bottom of the grid, we must reduce the length of the word for the corresponding
diagonal de Bruijn graph. Here I have chosen the transitions {pd, pit, p%5, pii} =
{0.1,0.8,0.2,0.9} and {p},pi} = {0.1,0.9}. For simulating points on the far edges
of the grid, we have no information for that corresponding edge, and so I just state
that there is a 50% chance of a 1 for that diagonal de Bruijn graph. The letters in
the top plot are generated using the equivalence of Bernoulli trials, and I thus set all
158 transition probabilities to be 0.5.

Figure 5.3 shows another example of a word length m = 3 2-d de Bruijn process.
As before, the transition probabilities are chosen such that the process is very sticky
to both 0’s and 1’s. The top plot shows the simulation produced, where the dark
blue points represent 1’s and the light blue points represent 0’s. The middle plot
shows the probability of getting the letter 1 at each point in the grid, calculated

after averaging the three separate de Bruijn graphs. We can see that generally, this
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Fig. 5.2 Plots showing 2-d simulations of 0’s and 1’s generated from a Bernoulli
distribution (top) and a word length 3 de Bruijn process (bottom). The transition
probabilities for the bottom plot are such that the points are sticky to both 0’s and
1’s.

pattern closely reflects the final 0/1 classification, where we can see that the edges
of the patches in the top plot have close to a 50% chance of being either a 0 or a 1.
The bottom plot is similar, but instead shows the range of probabilities (difference
between the smallest and largest probabilities) from the three de Bruijn graphs in
each direction. Darker areas represent a larger range in probabilities. Although it is
not very clear in this plot, we can see that the darker areas tend to occur near the
boundary of each cluster of 0’s or 1’s.

We now consider whether this method is extendable to higher dimensions. If
we first consider the step up from two dimensions to three, we can see that we will
require an extra two diagonal de Bruijn graphs when averaging in each direction.
The de Bruijn processes can still be simulated from left to right across a plane, but
we will now have additional diagonal dependencies. Hence, at each point we have
the average of 5 probabilities instead of 3. For even higher dimensions, we would
continue to add another 2 diagonal de Bruijn graphs in the extra directions of the
dimension. Therefore, for a problem in x dimensions, we require 2* different de

Bruijn graphs, and will end up averaging 2* probabilities for each point required.
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Fig. 5.3 2-d simulation of 0’s and 1’s from a word length 3 de Bruijn graph that is
sticky to both 0’s and 1’s. The output is shown in the top plot where light blue
areas represent a 0 and dark blue areas represent a 1. The middle plot shows the
probability of a one, where dark blue indicates high probability. The bottom plot
shows the range in probabilities from each direction that are averaged for each letter.

We can clearly see that the number of transition probabilities needed for high
dimensions will explode very quickly. Already, we require 158 transition probabilities
for the 2-d case when we only have 8 rows in the input grid. Not only do we need the
extra two de Bruijn graphs for each dimension, we also require additional transition
probabilities depending on how many rows we have in our grid. For the 2-d case, for
every increase in row, we require an extra three transition matrices that each have
2™ parameters (for word length m).

This high quantity of transition probabilities is one of the main disadvantages
of this method, and is why I look for other methods to overcome this problem. I

am also aware that it is very hard to write down the likelihood for this method due
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to the averaging, and so it may not be possible to carry out inference. In the next
section, I outline a more successful method that is more inline with the structures of

the 1-d de Bruijn process from Chapters 3 and 4.

5.2.2 Method 2

Although Method 1 is entirely valid, and I have shown that it is possible to simulate
2-d grids of 0’s and 1’s with the required structure, it is very hard to take the method
any further. Therefore, I propose a new method that has more similarities to the 1-d
de Bruijn process, and is a more natural extension.

Retaining the two dimensional grid established in Method 1, we begin to consider
potential forms for a 2-d de Bruijn word. With the directional aspect of de Bruijn
graphs in mind, I choose the structure given in Figure 5.4. Here, I present the form
of the 2-d de Bruijn word for the one, two and three word cases. The points for each
word are given by the outlined areas. I decide which points belong to each word by
counting how many steps away each point is moving either to the right or upwards.
Hence, for the size m = 1 word case (red), the word is made up of all the points
that can get to the green point in one step by moving either upwards or to the right.
This is expanded for the size m = 2 word case (purple), where the word consists of
all the points that can get to the green point in one or two steps, again only moving
upwards or to the right. The pattern also follows for the size m = 3 (yellow) and
higher word cases.

The structure enforced is now equivalent to the 1-d de Bruijn case due to the
2-d version of the de Bruijn words included. We still require an equivalent to the
transition probabilities, but the main difference for the 2-d case is that the concept
of transitioning from word to word is still no longer valid. There is still a Markov
structure, since each letter is dependent on the word of letters that comes before
it, but instead of going from word to word, we can visualise it more as what is the
word that the current point is dependent on; i.e., in figure 5.4, what is the word that
the state of the green point is dependent on. It is thus no longer possible to visualise

the associated graph for this de Bruijn process. As a future problem, it would be
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Fig. 5.4 2-d de Bruijn Graph example where the green point is the current point to
be simulated. The blue points represent 0’s and the orange points represent 1’s. The
forms of the words for word sizes m = 1, m = 2 and m = 3 that the green point is
dependent on are outlined in red, pink and yellow respectively.

interesting to see if we could draw a graph of the possible words each word could
transition to. Hence, we would be considering the word to word transitions even
though the underlying process transitions from a word to a single letter.

It is clear that the number of transition probabilities associated with each word
will get very large with increasing word size. However, it is still possible with enough
data and the number of transitions is still greatly reduced as compared with Method
1. There will be 2# different transition probabilities for each word consisting of u
letters. The first possible word (m = 1) contains pu = 2 letters with 22 transition
probabilities, the second word (m = 2) contains p = 5 letters with 2° transition
probabilities and the third word (m = 3) contains p = 9 letters with 22 transition
probabilities. For an m size word in 2 dimensions, there are 1 (m? 4 3m) letters in
that word with 22(™**3™) transition probabilities.

For efficiently simulating a grid of 0’s and 1’s using this 2-d de Bruijn structure,
I approach the simulation as if we were in one dimension, so that I can use the tools
already developed. To do this, for each word shape, I deconstruct the word to form
a vector of 0’s and 1’s. I can then treat this vector as a 1-d de Bruijn word and
carry out the simulation as described in Chapters 3 and 4. A simulation example is
presented in Figure 5.5, where we are interested in simulating the letter represented

by * given the current simulated 0’s and 1’s in the grid.
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Fig. 5.5 2-d de Bruijn process simulation example where the point represented by *
is the current point to be simulated. The forms of the words for word sizes m = 1
and m = 2 that * is dependent on are outlined in red and blue respectively.

For the m = 1 case, * depends on the two closest letters on the diagonal outlined
in red. We can treat this 2-d word as the 1-d word equivalent, 10, where we will have
an associated probability given this word for what value % will take. The one-word
2-d de Bruijn word is equivalent to the two-word 1-d de Bruijn word. If we now
consider the m = 2 case, * then depends on the letters in the closest two diagonals.
These letters are outlined in blue in Figure 5.5. Converting this 2-d word to a vector,
we have the word 01100 with a corresponding probability attached to this regarding
the value of *. Therefore, the two-word 2-d de Bruijn word is equivalent to the
five-word 1-d de Bruijn word. If we were to increase the word length further, we
find that an m-word 2-d de Bruijn word is equivalent to a % (m? + 3m)-word 1-d de
Bruijn word.

Note that the ordering of the letters from each of the 2-d words to its associated
vector is arbitrary, but must be maintained for the entire simulation. The main
reason for considering the 1-d equivalents for each of these 2-d words is that it makes
programming the 2-d simulation simpler, and additional properties are easier to work
with and develop. As long as there is a clear one-to-one mapping from each word to
its associated transition probability then simulation can be carried out regardless. I

use the notation p; to mean the probability of getting a 1 given the dependent word

is 4. The word ¢ will be written in terms of its 1-d equivalent for notational simplicity.
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Note the slightly different notation here for the superscript as we no longer transition
to whole words, but rather the individual 0 or 1.

One of the main disadvantages for the proposed 2-d de Bruijn process method is
the large number of parameters that need to be defined, even for small values of m.
For m = 1 there are 4 transition probabilities, increasing to 32 for m = 2 and 512 for
m = 3. For general word length, m, there are 2¢ parameters, where d = % (m? + 3m).
To limit the number of transition probabilities, we can apply two constraints. The
first constraint takes advantage of the known marginal probabilities for the overall
proportion of 0’s and 1’s, allowing us to calculate the transition probabilities from
one another. For example, say we knew that 0’s and 1’s were equally likely, and that
the vector of the word was 00101, with transition probability p of getting a 1. This
then means that the transition probability of getting a 1 for the vector of the word
11010 is 1 — p. Hence, we are able to reduce the number of transition probabilities
to be estimated by half, becoming 247!,

The other constraint that we are able to make for certain cases takes account of
symmetries in the words. If the probabilities in the z-direction are known to be the
same as the probabilities in the y-direction, then we are able to further reduce the
total number of transition probabilities. In other words, if we take the words in their
2-d form and one is the reverse of the other in the x = y diagonal, then we can say
that the transition probabilities for these words are the same. For a general m length
2-d word, the total number of parameters reduces from 2¢ to 241 + 21 (2d+m—4-1noaa),
In the case that both of these constraints are applicable, we can reduce the total
number of parameters to 2¢-2 4 21(2d+m—4-Tuoaa),

We may also be able to make other constraints to restrict the number of parameters
further, but this would require further prior knowledge of the data and the process;
i.e., we may have strong priors for certain transition probabilities to help in estimation.
For example, if two words have equal numbers of 0’s and 1’s, then we could use a

prior that says they are likely to be very similar. For future work, I could investigate

the use of hyperparameters for controlling large numbers of transition parameters.
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Examples

Figures 5.6 and 5.7 present several examples of simulated 2-d de Bruijn processes,
where light blue areas represent the letter 0 and dark blue areas represent the letter
1. Figure 5.6 shows four examples on a grid of size 80 x 80. The top two plots
are made using m = 1 word 2-d de Bruijn processes, and the bottom two plots are
produced using m = 2 word 2-d de Bruijn processes. The two plots on the left are
shown to be highly sticky to both 0’s and 1’s, and the right two plots are generated
using the equivalent to random Bernoulli trials. The effect of adding the de Bruijn
structures is clear in both of the left plots, where we can see that the 0’s and 1’s have
started to clump together. We can also see that changing the word size in a 2-d de
Bruijn process makes slightly more difference than in a 1-d de Bruijn process. The
patches in the m = 2 word plot are slightly larger with less distributed random letters
than the m = 1 word plot. This is likely to be because there are significantly more
intricate transition probabilities involved in the m = 2 de Bruijn process, allowing a
more complex structure to be introduced. There is also a slight diagonal trend in
both of these plots. This could be caused either by the word structure or simply the
chosen transition probabilities. More research is required to identify this.

For the m = 1 word de Bruijn processes shown in Figure 5.6, each word consists of
the two previous letters as outlined in red in Figure 5.4. The words are equivalent to
m = 1 word 1-d de Bruijn words, and hence the four transition probabilities required
are: {phos o1, Plo, Pi1}- For the Bernoulli example, these are all set to 0.5, but for
the sticky simulation, I have set these to be: {0.1,0.5,0.5,0.9}. For the m = 2 word
plot, we have far more transition probabilities, as the words are equivalent to m =5
word 1-d de Bruijn words. In this case, the words consist of the five previous letters
as outlined in purple in Figure 5.4, requiring a total of 32 transition probabilities.
Again, I have set all of these probabilities to be 0.5 for the Bernoulli plot, but have
set the probabilities to give a sticky result for the other m = 2 word plot.

Figure 5.7 gives four examples of 2-word 2-d de Bruijn processes, each of which
has a different set of transition probabilities. The top left plot is the most sticky,

followed by the top right. Both of these have large concentrated areas of either 0’s or
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a0~

20~

Fig. 5.6 2-d simulations of 0’s and 1’s from one word de Bruijn processes (top) and
two word de Bruijn processes (bottom). The right plots have no correlation structure
included (Bernoulli trials), whilst the left plots are shown to have high levels of
stickiness for both 0’s and 1’s.

1’s. The bottom left plot is generated using random Bernoulli trials, and the bottom
right plot gives a simulation from a de Bruijn process designed to be anti-sticky for
both 0’s and 1’s. This final plot is distinct, in that an almost regular pattern has

emerged where the 0’s and 1’s are almost constantly alternating.

Inference

Due to the connections with the 1-d de Bruijn process, we can therefore write down
the likelihood for the 2-d de Bruijn process, and consider possible inference. The
likelihood for the transition probabilities is the same as that for the 1-d version,

meaning that the m = 1 likelihood has the following form:

n() nl TLU nl TLO ,nl nO TLI
L = (130)" (poe)" (pg1)™* (pg1)™* (pT0)™° (p1o)™ 10 (PF1)™ (p1y)" 1

nO nl 7740 TLl no nl nO nl
= (1 = pgo)™® (pgo)™® (1 — pgy)™ (pg1)™ (1 — p1g)™° (p1g)™ (1 — p1y)™ (p1y)™1,
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Fig. 5.7 2-d simulations of 0’s and 1’s from a 2-word de Bruijn processes. The top
two plots are shown to have high stickiness towards 0’s and 1’s, whilst the bottom
left plot is generated from random Bernoulli trials. The bottom right plot shows an
anti-sticky de Bruijn process.

where p; is the probability of getting a 1 given that the dependent word is 4, and
n} is the number of times that transition takes place. The transition likelihood for

general m > 1 cases is given by:

241 0 nl
=TI (1=p)" ()"
=0

where d = § (m? + 3m). This is written in terms of the decimal representation of
the binary values, as was done for the 1-d version.

Since the general likelihood is equivalent to the 1-d de Bruijn process in Theorem
4.20, we can therefore use the exact same method of inference to estimate the
transition probabilities. Further, we can use the method of Bayes’ factors (Kass and

Raftery, 1995; O'Hagan, 1997) from Theorem 4.22 to best estimate the word length
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for a given sequence. I will now present two examples to show how this inference
method is still effective for the 2-d de Bruijn processes.

The first example is shown in Figure 5.8, which is a simulation on an 80 x 80 grid
from a 2-d de Bruijn process with word length m = 1 and transition probabilities:
{pdos P1:Pios i} = {0.1,0.5,0.5,0.9}. Given that I know the data was generated
using a 1-word de Bruijn process, the transition probabilities are estimated using
the 1-d inference described in Section 4.3. This can either be done using a maximum
likelihood approach or by using a simple Metropolis Hastings MCMC. I treat the
estimation as a 2-word 1-d problem, and the results are given in Table 5.1. T have
also included estimates from two other sized grids (30 x 30 and 150 x 150) to show
how differently sized data effects the estimation of the transition probabilities. Both
of these examples were generated using the same set of transition probabilities.

We can see that the method has successfully estimated the transition probabilities
for all three simulation grid sizes, where as expected, the larger two sizes have a
higher level of accuracy. The average error for each of sizes are 10.44%, 2.52% and

1.03% respectively.

Fig. 5.8 2-d simulation of size 80 x 80 consisting of 0’s and 1’s from a 2-d de Bruijn
processes with word length m = 1 and transition probabilities: {py, P> Pio, P11} =

{0.1,0.5,0.5,0.9}.
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]\ P H 30 x 30 80 x80 150 x 150 H

0.1 0.123 0.108 0.098
0.5 0.537 0.497 0.493
0.5 0.544 0.506 0.498
0.9 0.923 0.897 0.903

Table 5.1 Table to show estimates of the transition probabilities from the example
in Figure 5.8. The true values, {p}y, o1, Pios P11} = {0.1,0.5,0.5,0.9}, are shown on
the y-margin. Estimates are given for data grid sizes 30 x 30, 80 x 80 and 150 x 150.

The second example is given in Figure 5.9, where I estimate both the word length
and the transition probabilities. The simulation is an 80 x 80 grid of 0’s and 1’s
generated from a 2-word 2-d de Bruijn process, where the transition probabilities
are set to be sticky for both 0’s and 1’s.

I first attempt to estimate the most likely word length used to generate the
example, using the method of Bayes’ factors with the model evidence stated in
Theorem 4.22 for the 1-d methodology. I start by calculating the model evidence
for the 2-d grid for four different models corresponding to 2-d de Bruijn processes
with words m =1, m = 2, m = 3 and m = 4. These are equivalent to 1-d de Bruijn
processes with word lengths m = 2, m =5, m = 9 and m = 14 respectively, and so
we generate the model evidences for the given data as if they were 1-d de Bruijn
processes of these lengths. To calculate these, we require the prior distributions for
the transition probabilities. I do not assume that we have any prior knowledge of
the transitions and hence let a = = 1 in Equation 4.22 for the equivalence of a
uniform prior. I then calculate a Bayes’ factor for each pair of word lengths such
that:

Bij = =t for i,j=1,..,4.

The values for B; ; for ,j = 1,...,4 are given in Table 5.2. When B, ; > By ; for all
i’ =1,...,4and j = 1,...,4, then we can conclude that the grid of 0’s and 1’s was
most likely created with a length m = ¢ de Bruijn process. Looking at the table,

we can see that this is the case for the second column and therefore the method

suggests that the simulation data comes from an m = 2 word 2-d de Bruijn graph.
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Fig. 5.9 2-d simulation of size 80 x 80 consisting of 0’s and 1’s from a 2-d de Bruijn
processes with word length m = 2. The transition probabilities for this example are
given in Table 5.3.

[m] + 2 3 ¢

1 0.00 229.63 -63.91 -1066.21
2 || -229.63 0.00 -293.54  -1295.84
3 63.91 293.54 0.00  -1002.31
4 | 1066.21 1295.84 1002.31 0.00

Table 5.2 Table giving the log Bayes’ factors for 4 models with 2-d word lengths,
m = 1,2, 3,4 for the given data in Figure 5.9. These are equivalent to the 1-d word
length, m = 2,5,9, 14.

Having estimated the word length to be m = 2, I now estimate the corresponding
transition probabilities. A 2-word 2-d de Bruijn word is equivalent to a 5-word 1-d
de Bruijn word, giving a total of 32 transition probabilities to be estimated. Using
the simplifying conditions described above we can reduce the number of parameters.
First, by using the marginal probabilities for the overall numbers of 0’s and 1’s, we
can reduce the total number by half to 16. The number of parameters can then be
further reduced by taking account of the symmetries in words, making the total
number of transition probabilities to be estimated 10.

Given the reduced number of parameters, I take a Bayesian approach with

uninformative priors to estimate the transition probabilities. The true transition
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probabilities along with estimates for each number of parameters (32, 16 or 10) are
given in Table 5.3. p is the true value for the transition probability given by p! and
p is the corresponding estimate. We can see that although the method does fairly
well at estimating all of the transition probabilities, the estimates when there are
far fewer parameters are superior. I therefore recommend to simplify the number of

parameters used where possible.

5.2.3 3 Dimensions and Higher

Overall, it is clear that Method 2 is preferable as it has a structure that closely
resembles the successful structure of the one dimensional de Bruijn process. It also
requires far fewer parameters to build sticky 2-d grids of 0’s and 1’s, and we are
able to perform inference on both the word and the transition probabilities. An
obvious extension is to now expand this method to higher dimensions. Given that
we are able to reduce the 2-d de Bruijn process down to something that looks and
behaves like a 1-d de Bruijn process, we can therefore consider doing the same for
higher dimensions. We would then be able to continue using the same methods for
simulation and inference from the 1-d methodology, with the only difference being
the shape and form of the word. As long as we are able to reduce these words down
to a 1-d vector, then there is no reason why we cannot form n dimensional de Bruijn
processes.

Let us first consider 3-d de Bruijn processes, where, to form the words, we can
take a similar approach to that of the 2-d case. The word structure on a 3-d grid
is shown in Figure 5.10. For an m-word, we must include all the points that are m
moves away from the point of interest, only moving in the up, forward and right
directions.

From Figure 5.10, we can see that the 3-d words form shapes similar to corners
from a cube. To form the next larger word, the corner increases in size by the
addition of the next triangle plane. The first word (green) contains three points,
and so is equivalent to the 3-word 1-d de Bruijn word. The second word (blue)

contains 9 points, and is thus equivalent to the 9-word 1-d de Bruijn word. This
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pt 1005 0.054 | p5 005 0.155 [|[[ p [ 0.05 0.050
pt 1010 0.091 ||| p* || 0.10 0.110 ||| p || 0.10 0.102
pt 11040 0.429 ||| p | 040 0.395 ||| pL || 0.40 0.374
Pt 1050 0508 ||| pi | 050 0.498 ||| pL || 0.50 0.499
pt 1015 0197 ||| pt || 015 0172 ||| pL || 0.15 0.105
pt 1020 0.124 ||| pt [ 020 0221 || pL || 0.20 0.198
pt 1050 0585 ||| pi | 050 0.522 || pL || 0.50 0.493
Pt 1050 0473 ||| p || 050 0.463 ||| p || 0.55 0.555
pt 1040 0362 ||| pi | 040 0421 || pY, || 0.75 0.758
pt 1055 0.635 ||| p | 055 0.494 ||| pt, | 0.80 0.818
pio || 0.75  0.716 ||| pio || 0.75 0.809
pli || 0.80 0.898 ||| pi; || 0.80 0.721
plo || 0.55 0.536 ||| ply || 0.55 0.579
pls || 0.55 0.651 ||| pis || 0.55 0.535
piy | 0.80 0.805 ||| pi, || 0.80 0.800
pls | 0.85 0.874 ||| pis || 0.85 0.848
P || 0.15 0.152
Pt | 020 0.203
P || 045 0.437
P || 045 0.496
Pk, | 020 0.174
P || 025 0.198
Py || 045 0.466
Pk || 0.60 0.599
P, || 0.50 0.456
Pk || 0.50 0.452
P || 0.80 0.876
P || 0.85 0.831
P || 0.50 0.489
Pk || 0.60 0.610
P, || 0.90 0.900
Pt | 0.95 0.947

Table 5.3 Tables to show estimates of the transition probabilities from the example
in Figure 5.9. In each table, p; shows the transition probability (using the decimal
representation of the binary word), p gives the true transition probability and p gives
the estimate for the transition probability. The far left table gives the estimates for
all 32 parameters, whilst the other two tables give estimates for parameters where
constraints have been made (16 and 10 parameters respectively).

pattern continues, where the 3-word 3-d de Bruijn word is equivalent to the 19-
word 1-d de Bruijn word and the m-word 3-d de Bruijn word is equivalent to the
¢ (m® + 6m?* + 11m)-word 1-d de Bruijn word.

It is also important to note that the set of additional points included with each

increase in word size is equivalent to the same word of the dimension below (making
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x3

x1

Fig. 5.10 Plot to show the form of de Bruijn words in 3 dimensions. The words
that the black point is dependent on are shown in green (m = 1), blue (m = 2) and
orange (m = 3).

sure we include the extra point). In other words, the triangle that is added to the
2-word for the 3-word 3-d de Bruijn (only orange points in Figure 5.10) is the same
as the 3-word 2-d de Bruijn (including 1 extra point). This relationship appears to
be the same regardless of the dimension or word size, meaning that we can form the
following relationship for the number of points in the word for an m-word n-d de
Bruijn graph:

Apm+1 = Anm + Ap—1,m+1 + 17

where, a,, ,, is the number of points in the m size de Bruijn word in n dimensions.
As the dimension increases, it is clear that the number of parameters will again

explode. Hence, it becomes increasingly important to use constraints similar to

those found for Method 2. It is possible to reduce parameters by considering the

marginal distributions for each letter, and by observing any symmetries in the words
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themselves. We can also make other assumptions, such as defining certain transition
probabilities to be equal, or by providing strong priors in estimation. Examples in

higher dimensions are left for future work.

5.2.4 Run Length and Future Work

One of the key results that I focused on in Chapter 4 was the run length distributions
of letters in a sequence obtained from a de Bruijn process. In this section, we begin
to consider what the two dimensional equivalent of a run length is. This is a hard
problem, since we do not naturally have a start and end point to a run of letters
that we had in the 1-d version. Instead of a run of 1’s, we must consider what a
patch size or area of 1’s would be defined as on our grid.

To begin with, we could define the patch size by counting how many 1’s (or 0’s)
are touching at least one other 1 (or 0). However, this means that we can end up
with long chains of 1’s that would technically be equivalent to a more circular patch
that contained the same number of 1’s. Therefore, we arrive at the situation where
it depends on what one defines as a patch. If we require patches that are spherical,
then we could require that each 1 must be touching at least two other 1’s on the
grid to be classed as a patch. Equally, we may consider how many 1’s are touching
in small groups, such as a cross made up of five individual 1’s. Hence, it may be
necessary to consider what is suitable for a specific application before defining a
constraint on the patch shape.

In relevant literature, the concept of patch size has been discussed in mathematical
ecology (Pielou, 1969, 1984). For example, we may want to model patch size of trees
in a forest, or estimate the maximum size for a collection of bacteria in an experiment.
Pielou (1969) discusses the measurement of aggregation of a population’s spatial
pattern. The result of his work is essentially what I require, as I wish to know
how clustered each letter is in a defined grid of 0’s and 1’s: the author describes
several methods to do this. The first of his methods assumes that the data is Poisson
distributed, and so he considers the ratio between the data variance and mean to

test for randomness. Highly clustered discrete distributions tend to have a variance
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which exceeds the mean. Hence, if the points are dispersed at random, the ratio of
the variance and mean should be close to one. With this in mind, I may want to
consider patch size in random Poisson processes before focusing on the 2-d de Bruijn
process.

Secondly, he references Lloyd’s indices of mean crowding and patchiness as a
measure of aggregation. For each individual point, this requires defining the number
of other points that are in the same pre-defined neighbourhood. Hence, we can
calculate the mean number per individual point of other individual points in a
neighbourhood.

It is clear that patch size, and measurements of clustering in general, is a large
topic itself. Hence I make the choice to leave this as future work. I believe the main
focus of such future work should be developing a formal definition of a patch size.
Although the concepts described in the ecological literature are interesting, and I can
use some of the main ideas, they are mostly focused on testing whether clustering
exists instead of actually modelling it.

As well as patch size, we could consider diagonal lines of 0’s and 1’s across the
grid as an alternative to run length. In the setup of the word structure described
in Method 2, I ended up building the grid across diagonal lines from the top left
hand corner down to the bottom right hand corner. However, this means that I do
not take account of the correlation between neighbouring points along this diagonal.
There must be some degree of dependence structure along these diagonals, as the
points along the diagonal are dependent on several of the same previous points in
their respective words. To see this correlation, we could consider the distribution
or expected run length of the letters along the diagonals. This would provide more
information on the connections between these neighbouring points on the diagonal
line. I may then be able to consider a de Bruijn structure along these diagonal lines,
so that we have each line being dependent on the lines before. I can also analyse the
structure and correlation across each of these diagonal lines. Such an analysis would
be far more difficult than when we considered the run lengths in the one dimensional

case, as we do not have the de Bruijn structure along the diagonals; i.e., we do not
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know which letter comes before in the diagonal until we actually simulate it. Hence,
I leave this for future work.

As mentioned throughout this section, the major hurdle of de Bruijn processes
in higher dimensions is the directionality. Despite my attempts to produce a two
dimensional de Bruijn process in this chapter, the directionality in a 2-d grid still
does not make logical sense. Inspired by the work from Wolfram (2002) and Besag
(1986), Chapter 6 explains my initial thoughts on how to develop a de Bruijn process
with the directionality removed. This is a very difficult problem to tackle, hence I

have not completed all work proposed, where much of it is left for future research.

5.3 Discussion

In this section I have presented an introduction to a two dimensional de Bruijn
process. The main problem to overcome with this was the natural directionality of
de Bruijn graphs. I can no longer start at one end and let the de Bruijn graph run
to produce a sequence of 0’s and 1’s. Instead, I consider trying to produce a grid of
0’s and 1’s that lies in two dimensions with the hope that I can easily extend the
method to higher dimensions.

Since I used Markov chains in the one dimensional de Bruijn process so that
the words had a Markov property, I initially began thinking about 2-d alternatives
including Markov random fields, Markov mesh grids and CAR models. I also discussed
the possibility of using a version of cellular automata to iteratively produce grids or
lattices of 0’s and 1’s. Since these methods had a lack of directionality, I decided
to focus on these in a later chapter, and first attempted a directional 2-d de Bruijn
process. Although I believe that a non-directional de Bruijn process will be a vital
way forward with the correlated Bernoulli process, I was keen to see if there was a
natural 2-d extension to the already developed 1-d directional de Bruijn process.

Progressing on from here, I began developing my own methods for a directional
2-d de Bruijn process. My first method (Method 1) has connections to multivariate
and higher-order Markov chains which average over several sequences that have been

generated from a similar source. I took this concept and combined it with the de
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Bruijn word structure to create a de Bruijn process. Depending on an m length de
Bruijn graph, I generated a simulation by averaging over the closest m rows above
and below for each point in a grid. Hence, for simulating each point in the grid, I
averaged over three separate but linked de Bruijn graphs across the same row and
the upper and lower diagonals. I therefore required a transition matrix (similar to
those in Sections 3 and 4) for each row, upwards diagonal and lower diagonal in
the grid I was simulating. Since this generated a large number of parameters in the
model, I chose not to progress any further in this way. I also found that developing
any inference for this method would be challenging due to the averaging that takes
place at each step.

I then moved on to improve on this with my second method (Method 2). My aim
when developing this method was to consider what the two dimensional equivalent
to a de Bruijn word is. By doing this, I hoped to produce a method that was more
similar to the one dimensional version so that parts of my 1-d methodology could be
carried over to the 2-d version. I therefore defined the form of the 2-d word structure
in Figure 5.4. However, I found that since we can no longer transition from word
to word (instead we have word to letter), we can no longer visualise the associated
graph to the process.

The major advantage of this method is that we can convert each of the 2-d words
into their 1-d word equivalent. For example, a 1 word 2-d de Bruijn word is equivalent
to a 2 word 1-d de Bruijn word and a 2 word 2-d de Bruijn word is equivalent to
a b word 1-d de Bruijn word. Providing we keep the ordering consistent, we can
convert each 2-d word into a vector and treat it as if it were the 1-d equivalent. This
means that we can use the same method of simulation from the 1-d de Bruijn process,
but more importantly it enables us to perform inference on 2-d de Bruijn processes.
Then with little extra work, we can convert this method into higher dimensions to
produce an n-d de Bruijn process. For future work, I plan to find the equivalence of
the run length distribution from Chapter 4 for 2-d de Bruijn processes.

It has become clear that a non-directional version of a de Bruijn graph would be

ideal in simulating two dimensional (and higher) grids of 0’s and 1’s for my correlated
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Bernoulli process. Although it is a challenging problem, I present my initial thoughts

on the topic in the next chapter.






Chapter 6

Towards Non-directional De

Bruijn Graph Structures

6.1 Introduction

One of the major disadvantages of the current method for de Bruijn processes
(Chapters 3, 4 and 5) is the directionality that is required. This is especially the case
when trying to form a 2-d version of a de Bruijn process: we are trying to force a
specific directionality on a spatial grid where directionality does not make logical
sense. In this chapter, the aim is to find a non-directional equivalent to the de Bruijn
process.

The inspiration for this came from looking at Besag (1986). Here, the author
develops a new method for reconstructing two-dimensional images, where the aim
is to estimate the true colouring for each pixel located in the image. The image
(region) is split up into a fine rectangular grid, where each of the pixels in this grid
has a true colouring from a set of known colours. The main application for the work
is to reconstruct blurred or damaged images, hence the method is required to have a
starting image for reconstruction.

Their model combines two sets of data. One is a multivariate record containing
some information of the colouring at each pixel, which follows a known statistical
model (normally Gaussian). The other data source states that pixels close together

tend to have the same colour, and is presented as a non-generate Markov random
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field. We can relate these ideas to the de Bruijn process by having a set of two
possible colours (i.e. black = 1 and white = 0) which are dependent on a specified
local neighbourhood of points. If we were to adapt this method to be more suited to
de Bruijn processes, we could consider including an extra dependency on the size of
the neighbourhood, changing how many points are included. We would also need to
define what the initial image would be, and consider how to define the information
included in the statistical model. The author uses a Normal distribution, but we
could investigate whether a binary distribution could also be used.

For inference, Besag (1986) makes use of Bayes’ theorem to find the probability
of any colour at each pixel. The likelihood becomes an observation from a Gaussian
distribution, and the prior is expressed as a simple Markov random field defining
that neighbouring points will be similar in colour.

As discussed in Chapter 5, there are also other alternative methods in the Markov
random field literature. These include CAR models (Banerjee et al., 2004; Besag,
1974) and Markov meshes (Abend et al., 1965). Both of these act in a similar way to
the work by Besag (1986) as each point in a specified grid is dependent on the local
neighbourhood of points. Cellular automata (Agapie et al., 2014, 2004; Wolfram,
2002) were also mentioned in Chapter 5, where (again) the value of a particular cell
in a grid depends on a set of rules based on the neighbouring cells.

Combining the ideas of the above literature and the de Bruijn process already
developed, I will attempt to produce a method for a non-directional de Bruijn
process. This is a difficult problem, and the majority of the research for this is left
for future work. I begin by attempting to define a non-directional de Bruin process
for the one-dimensional case in Section 6.2. Due to the success of converting the 2-d
directional de Bruijn words into their 1-d word equivalents in Chapter 5 (Method 2),
I also attempt this for the non-directional 1-d de Bruijn words. From this, we will
then be able to calculate a run length distribution (Section 6.2.2) with expectation,
variance and generating functions. In Section 6.2.9, I then show how it is possible to

apply the same method of inference from Chapter 4 using Bayes’ factors. Section 6.3
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outlines my initial ideas on a 2-d non-directional de Bruijn process (the majority of

this is left for future work).

6.2 1-d Methodology

The main aim for this section is to develop a method for a de Bruijn process that has
many of the same characteristics as the existing 1-d de Bruijn process, but is no longer
restricted to a specific direction. As shown in Chapter 5, it was possible to retain
some of the structure from the 1-d de Bruijn process for the 2-d de Bruijn process
(Method 2), meaning that I could use some of the existing properties developed, such
as inference. Therefore, I choose to keep the idea of ‘words’ which are vital to de
Bruijn graphs, but change the form.

Previously, in the 1-d directional de Bruijn process, the word consisted of the m
letters that came before the point of interest. Here, to ensure that the dependency is
equivalent either side of each point, I define the word of the de Bruijn process to now
consist of the m letters that fall on both sides of the point of interest. This ensures
that there is no direction involved in the dependent word. Since there are equal
numbers of influential points on each side, the total number of possible words for
each word length m is 22™. Examples on non-directional words are given in Figure,
6.1, where the m = 1, m = 2 and m = 3 word cases that the green point is dependent
on are labelled. Here, the blue points represent 0’s and the orange points represent
1’s. The one-word case is shown in red, the two-word is shown in purple, and the

three-word is shown in yellow.

AL IIOM OO

Fig. 6.1 1-d non-directional de Bruijn example to show the form of specific words.
Blue points correspond to 0’s and orange points correspond to 1’s. The green point
is the point of interest for looking at which words it is dependent on. The forms of
the word for m=1, m=2 and m=3 are outlined in red, purple and yellow respectively.

The classification of a single point being either a 0 or a 1 is dependent on the

number and positions of the m 0’s and 1’s located either side of the point, forming
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the word. As in directional de Bruijn processes, each of the possible words can have
a probability attached to them. Since this will tell us the probability of the centre
point (green point in Figure 6.1) being a 1, we find that it is no longer possible to
transition to full words, but rather just to a single 0 or 1. To avoid confusion, these
probabilities will now be known as conditional word probabilities. They are written
as pz{j, representing the probability of getting a 1 from the word ¢ : j. For example,
if we had the sequence 100 % 101, then the probability of % being a 1 for the one-word
case would be displayed as pg.; since x has a 0 to the left and a 1 to the right. For
the two-word and three-word cases, the probabilities of * being a 1 would be pjy.0
and plyp.10; Tespectively. Therefore, in a similar way to Method 2 in Chapter 5, we
are also not able to easily visualise the associated de Bruijn graph for this process.

Using these conditional word probabilities, we are still able to influence the
‘stickiness’ of the generated sequences from the de Bruijn process. If the word
consists of entirely 1’s (or 0’s), and the probability of the centre point also being a
1 (or 0) is close to one, then we would expect this sequence to be very sticky. For
example, if m = 3, then for the sequences generated from the de Bruijn process to
be sticky to both 0’s and 1’s, we would expect the probabilities pYyo.000 a0d Pi11.111
to be close to one.

Even though we cannot consider the word to word graph of the non-directional
de Bruijn process, and hence cannot form a transition matrix, we can still use some
of the same identities from the directional process. The most important of these
is the necessity that the rows of the transition matrix sum to one. For example, if
m = 3, then pyo.000 + Pioo-ooo = 1. This is also true for any word of length m. This
relationship still holds true as it is only possible to produce either a 0 or a 1 from each
conditioning word, hence the sum of the conditional word probabilities of getting
either a 0 or a 1 must be equal to one. Unfortunately, it is no longer possible to
easily find Markov properties such as the stationary distribution or the convergence
rate as in Chapter 3, and thus is left for future work. One future problem is to decide
whether the process is Markov or not, as it is not clear from initial observations. The

conditional independence assumption still holds since each symbol is only dependent
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on the closest word of symbols either side and no other. However, since we are no
longer transitioning from word to word, we no longer have a clear set of states for
the associated Markov chain. To prove that the process is Markov, it must satisfy all
of the conditions from the Markov property definition in Section 3.2. It may be that
we have to change which part of the process has a Markov property. For example,
we could treat an entire sequence as one state and observe the Markov property as
we transition from one sequence to the next. Alternatively, we may have a collection
of Markov chains that describe the process, so that each symbol and associated word
becomes a single Markov chain. I do not fully understand the process at this level,
so it is something that I am keen to progress with in future research. If we can prove
that the process is Markov in some way, then we will be able to use well known
properties to help progress the methodology further.

As described above, it would be ideal if the non-directional de Bruijn process had
a similar form to the 1-d directional de Bruijn process so that the properties and
inference developed for this could be carried over. For the 2-d de Bruijn process in
Method 2, we were able to decompose each of the 2-d de Bruijn words into their 1-d
de Bruijn word equivalents. Hence, we were still able to use the method of Bayes’
factors with either maximum likelihood or Bayes’ theorem to estimate both the word
length and the associated transition probabilities. All that is necessary for this is to
have a one-to-one corresponding transition probability for each possible word.

Each of the non-directional words are written as ¢ : 5. If we convert i : j to
its vector form, 77, then it becomes the 1-d directional de Bruijn word equivalent
to the non-directional word. Since each non-directional word can be written as its
directional word equivalent, I can conclude that we can also view this problem in
the same way as the 1-d directional de Bruijn process. Thus, a large part of the
1d directional de Bruijn process methodology can be used for the non-directional
de Bruijn process. By having a one-to-one correspondence from the non-directional
word 7 : j to the directional word 77, I can conclude that a length m non-directional

de Bruijn word is equivalent to a length 2m directional de Bruijn word.



184 Towards Non-directional De Bruijn Graph Structures

I have chosen to display a non-directional word in the form ¢ : 5 since it is easier
to interpret the sequence that we are referring to, rather than writing the split word
as one. In the calculations that follow, the words will be written in terms of their

decimal representations of the binary values, as used previously.

6.2.1 Simulation and Examples

One major difference between the non-directional and the directional de Bruijn
processes is the simulation. In the directional version, a sequence of 0’s and 1’s was
generated by letting the Markov chain on the words run for the desired length. At
each step, the current letter was dependent on those that came before in the set word
length neighbourhood. For the non-directional version, since each letter is dependent
on those located either side, this is no longer possible. In this section, I describe
two possible alternate methods for simulating a sequence from a non-directional de
Bruijn process.

When simulating a sequence for the directional de Bruijn process, we required
the first m letters to be known (and fixed) to act as an initial condition. This initial
condition is also required for the non-directional version, but we now require m
initial known letters at both ends of the sequence. This condition enforces that the
process is now truly non-directional. We can arbitrarily define these initial letters,
or use reduced word length de Bruijn processes to simulate the m edge letters. At
least two fixed boundary letters (one at each end) will be required for each simulated
sequence. Alternatively, to avoid any such boundary condition complications, and to
show examples for the methods that will follow, we can form the sequence into a loop
so that the de Bruijn condition affects both of the end letters (periodic boundary

conditions).

Simulation 1

The joint probability of obtaining a sequence of 0’s and 1’s can be defined as the
product of conditional word probabilities. This is possible because the product of

probabilities defines the exact ordering of the words for the sequence, and hence it
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also uniquely defines the sequence of letters. One possible method for simulation I
will discuss uses this definition of the joint probability to iteratively produce possible
sequences given the de Bruijn process. At each time step, we calculate the joint
probability of obtaining every possible sequence given the current sequence, then
draw from these to give a single realisation from the process.

First, begin with an initial estimate for each of the letters, v, in a length n

(0)  (0) 0(0) ).

sequence: (vy 7,0y, ..., VY This sequence can then be written in terms of its

non-directional de Bruijn words: (wgo), wéo), ., w®). To avoid boundary condition
problems, we form the sequence into a loop, so that the end letters are dependent

on the letters at the opposite end of the sequence (periodicity). For each iteration,

1 =1,2,..., we calculate:
i _ 1 J2 Jn
PO =P -1 X P -y X X Py
wy Wsy Wy,

for j, € {0,1} and where pJ} is the probability of obtaining the letter j, from the
non-directional word wy,. P is then a vector of joint probabilities for each possible
sequence of 0’s and 1’s obtained from the (i — 1)™ sequence at iteration 7. Drawing
from P gives us the i sequence in our iterations, which is the most likely given
both the current sequence and the conditional word probabilities. This process is
repeated a number of times until convergence of a suitable sequence, giving a sample
from the de Bruijn process.

Three samples from non-directional de Bruijn processes with word length m =1
are given in Figure 6.2. The marginal probabilities are 7({0}) = 7({1}) = 0.5
for each sequence and the conditional word probabilities {pg.q, Pi.1s Pi.o, P}, are:
{0.5,0.5,0.5,0.5}, {0.1,0.1,0.9,0.9} and {0.1,0.9,0.1,0.9} respectively (from top to
bottom). The 0’s and 1’s in the top plot appear uncorrelated as expected, as this
sequence is equivalent to drawing independently from a Bernoulli distribution with
probability 0.5. The bottom two sequences are seen to be more sticky with larger
groups of both 0’s and 1’s, which is also to be expected as these de Bruijn processes

were designed to be equally sticky.
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Although this method of simulation appears to be successful, it is very computationally
inefficient. For a length n sequence, we must calculate and store 2" joint probabilities
at each iteration for each of the possible sequences of 0’s and 1’s generated from the
current sequence. Hence, for the previous simulation examples, I was only able to
produce sequences of length 20 before it became computationally infeasible. Since
this is a relatively short sequence, I am also unable to study the run lengths to
justify whether the method is working in the way that we expect. Therefore, I either
need to produce a different method for simulation or provide a way to limit the
computational difficulties.

The average run lengths for the samples from top to bottom are 1.79, 2.33 and
1.99. This emphasises that there is either an error with this method, or that we are
simply not generating long enough sequences to be able to view the longer run lengths
for the de Bruijn process with conditional word probabilities {0.1,0.1,0.9,0.9} and
{0.1,0.9,0.1,0.9}. The average run length for the top plot is as expected, but we
would expect the average run lengths for the other two de Bruijn processes to be
much larger; i.e. closer to 10, as seen in the directional version in Section 3.3.1 (third

sequence in Figure 3.4) and Section 4.2.6 (DBP 4 in Table 4.3).

0

Symbol
0
H
0 5 10 15 2
%1

1 ' [
10 15 20

" "
15 20

Fig. 6.2 Three samples from length m = 1 non-directional de Bruijn processes
with letters 0 (light blue) and 1 (dark blue). From top to bottom the conditional
word probabilities, {pi.o; Pb.1, Pr.o, P} are: {0.5,0.5,0.5,0.5}, {0.1,0.1,0.9,0.9} and
{0.1,0.9,0.1,0.9}.
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Simulation 2

As an alternative to the above methodology, I attempted to generate a simulation
from the de Bruijn process through Gibbs sampling (Brooks et al., 2012; Gilks et al.,
1996). I believed this to be possible due to the connection between Markov chains
and the de Bruijn words where we can provide the full conditional distributions for
the letters. Since I am currently unsure of the Markov nature of the non-directional
de Bruijn process, I note that this method may be unsuitable for the given simulation
problem.

The purpose of a Gibbs sampler is to generate posterior samples for a given
distribution by moving through each variable and sampling from its conditional
distribution, given that the remaining variables are fixed at their current values. We

would begin with an initial estimate for each of the letters, v, in a length n sequence:

(U§0)7 U§0)7 ..,v9). Then for iteration, i = 1,2, ..., we calculate the following:
i i) (i=1)  (i—1 -
o\ ~ P(vp\vé sy, ol )
i i i 7 i—1 i—
’U§ ) ~ P(’U; )|U§ ), ey U§217 Uj(‘+1 )7 [EES) ng 1))
’Uq(ql) ~ P(USLZ)|U§1)7U§Z)7 "'707(7,7;11)7
where,

i YIRC i i1 i
UJ(') ~ P(UJ(-)|U§),...,U§21,U§+1),...,U£L 1)
TG i i1 i1
= D

J

for a non-directional de Bruijn process with word length m, where p}uj is the
conditional word probability for the letter v; with associated word, w; = (v](-i_)m, e v§i_)1
(vj(-l:ll), - UJ(ZJ:,,IZ)) This process continues iteratively until the sequence has converged
to a series of 0’s and 1’s that satisfies the specifications of the de Bruijn process.

Providing the sequence of letters, vy, vo, ..., v,, remains in the same order, the final

)
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simulation should be consistent irrespective to the ordering of the sampling of each
letter in each iteration; i.e., the resulting simulations should have the same properties
whether we sample the letters from v; to v, or sample the letters from v,, to v;. This
is due to the non-directionality of the process.

Four examples are given in Figure 6.3 which are each sequences of length 200
generated with an m = 1 word non-directional de Bruijn process. I have again
formed each sequence into a loop to avoid any boundary condition complications.
The marginal probabilities are kept equal for the first three sequences, with values
7({0}) = 7({1}) = 0.5, but are changed to 7({0}) = 0.2, 7({1}) = 0.8 for the
final sequence. The set of conditional word probabilities for these examples are,
{Pb.0sPo1, Pros P11t As with the directional de Bruijn processes, we would expect
that letters become far more sticky if both pj, and pj; are chosen to be close to
1. For the examples in Figure 6.3, the conditional word probabilities are set at the
following values respectively (top to bottom): {0.5,0.5,0.5,0.5}, {0.1,0.1,0.9,0.9},
{0.1,0.9,0.1,0.9} and {0.775,0.023,0.994,0.9}.

IH ““II IHHI‘I‘I “ “ ‘I“‘ Il‘ ‘ “‘ ‘lIII “‘I ‘ I‘ H‘ H‘ .
0
[k

200
I . . I I - ‘ ‘ I .
0
[

200
Symbol
0
[k

0 50 200
I -I III .‘I “ Il. I .
0
m

0 50 100 150 200

x1

Fig. 6.3 Four samples from length m = 1 non-directional de Bruijn processes with
letters 0 (light blue) and 1 (dark blue) to show simulation using Gibbs sampling.
From top to bottom the conditional word probabilities, {p}., .1, Pros P11}, are:
{0.5,0.5,0.5,0.5}, {0.1,0.1,0.9,0.9}, {0.1,0.9,0.1,0.9} and {0.775,0.023,0.994, 0.9}.

The top plot is shown to behave fairly randomly (like random Bernoulli trials),

which is as expected, since each conditional word probability is set to be 0.5. The
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second and fourth plots are also shown to behave as expected since we are generating
much larger run lengths compared to the first plot. The average run lengths of 1’s
for each of these sequences are 2.04, 11.54 and 8.64 respectively (the first, second
and fourth sequences). We can also see that for the fourth sequence (non-symmetric
sequence), the total proportion of 1’s is much higher than the proportion of 0’s at
71%. This is slightly lower than expected since the example was set up with marginal
probabilities 7({1}) = 0.8 and 7({0}) = 0.2.

The most surprising result comes from the third sequence, where although
Poo = pig = 0.9, the 0’s and 1’s are occurring far more at random than the second
plot. The average run length of 1’s for this plot is 1.78. Due to symmetry and the
non-directionality that we have forced (since p{, = 0.1 and pl,, = 0.9 for sequence
two, but pd.; = 0.9 and pi,, = 0.1 for sequence three), we would expect the second
and third sequences to have the same run lengths of 0’s and 1’s. However, we are
producing different run lengths depending on the direction of simulation. Therefore,
I conclude that there is something wrong with this method, and leave the simulation
problem for future work. As stated above, this is likely to be due to not knowing
whether the process is Markov or not. I also note here that there are certain
constraints that we must make when choosing values for both of these conditional
word probabilities (p§,; and pi,,). This is discussed further in Section 6.2.2.

Due to the similarities between this method and the 1-d direction de Bruijn
process, I am able to look at the run length distribution. This is described in the

following section.

6.2.2 Run Length Distribution

The run length distribution for 1-d directional de Bruijn processes was described in
Chapter 4. This is a property of great interest, as it is a way to evaluate the stickiness
of a particular de Bruijn process. Further, it allows us to assess whether these run
lengths are affected by different word lengths and/or transition probabilities. Due

to the similarities between the proposed non-directional de Bruijn process and the
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directional version explained in Chapters 3 and 4, it is possible to now consider the
run lengths of 1’s (or 0’s) of the non-directional de Bruijn sequences.

As before, a run of 1’s is defined by the number of consecutive 1’s in a row, which
is bounded by a 0 at each end. Very sticky de Bruijn processes are far more likely to
produce very long runs, whilst those that are closer to Bernoulli trials are expected
to have runs closer to length one. De Bruijn processes that are very anti-sticky will
tend to produce very short runs close to one, as they are designed to constantly swap
between letters. As a reminder, p}:j, is the conditional word probability of obtaining
a 1 given the associated word is 7 : j.

The run length distribution for a word length m = 1 non-directional de Bruijn
graph is given in Lemma 6.1. The conditional word probabilities for this process are
{Pb.0s Po1, Pl.os P11+ For a run length of n = 1, we simply require the sequence 010,
where this is just defined by the conditional word probability, p.,.

For run lengths of two or more, the run sequence must start with the letters 011
and end with the letters 110. These sequences have corresponding probabilities pj
and pi, respectively. This result is similar to the run length distribution from Lemma
4.1 with the exception that because the de Bruijn process is now non-directional,
we must have a run-in period at both ends of the sequence of 1’s. Due to this
non-directionality, we could equally consider the run as going from right to left since
the distribution is independent of the direction. pj.; X pi,, gives the probability of a
run of length n = 2, but for a run length of n > 3, we must include the probability
pi.;. Similarly to Lemma 4.1, we require p},; to be raised to the power n — 2 since

two 1’s are generated in the two end run-in probabilities.

Lemma 6.1 (Run Length Distribution, m = 1).

Poo for n =1
P(run length =n) =

p(l):l(p%:l)n_Qp%:O fOT n Z 27

Proof. P(run length = n) = p}, for n = 1. For n > 2, the run is bounded by
the word 0 : 1 with probability p}, and the word 1 : 0 with probability p},,. This

generates the sequences 011 and 110 respectively. The run is formed by increasing
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the number of 1’s with probability pl.,. For a run of length n, this probability is

required n — 2 times, hence: P(run length = n) = pl,(pl,)" ?pi,, forn>2. O

For the simulated examples presented in Section 6.2.1, the choice of conditional
word probabilities was very important, and, due to specific constraints of the process,
it is not possible to choose the parameters arbitrarily. The four parameters that
are in the m = 1 examples in Section 6.2.1 are {p} .o, Pb.1, Pio, P11} When initially
considering the values that these parameters could take, I assumed we must have
Db = Pi.o as we were now dealing with non-directional de Bruijn processes; i.e., I did
not want to enforce any different structure moving left to right compared with right
to left. However, when considering that the distribution in Lemma 6.1 must sum to
one for all run length n, there is a slightly different constraint that we must obey.

Given that the distribution must sum to 1 over all values of n, we have the

following;:

Y P(run length =n) = pyo + > pp. (P1)" *Pro
n=1

n=2
o0
1 11 1
= Po:o T Po:1P1:0 Z (p11)"
n=0
1.1
1 Po.1P1.0
g p . +
00 11— p%:l

1.1
1 Po:1P10
=DPoot — o
Pia

since >0 (2" = i when |z| < 1. Hence, we can state that:

1 + p(l):lp%:() -1
00 1- p%:l

= p(l):o(l - p%:l) +p(1):1p%:0 =1 _pizl (6.1)
= p[l):() +pé:1pi:0 - p(l):Opizl =1 _pizl

11 11 0 1
= Po:1P1.0 — Po:oP1:1 = Po:o — P1:1>
since piy + ppo = 1.

We have always made the assumption that we know the marginal distributions for

the letters (7({0}) and w({1})). For example, if we knew that there were expected
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to be equal numbers of 0’s and 1’s then we know that 7({0}) = n({1}) = 0.5 and
oo = piq. Consequently we then have the following relationship that must hold

when defining the conditional word probabilities for the m =1 case:

p(l):lpizo = ptl):op%;r (6-2)

This can be seen in the examples in Figure 6.2 and in the first three examples in
Figure 6.3. For the top sequence in both figures, all parameters are set to be 0.5,
and so this satisfies Equation (6.2). For the other two sequences (the second and
third sequences of Figure 6.3), we have pJ,, = 0.1, pi.;, = 0.9, and either p}., = 0.1,
pio = 0.9 (second sequence) or pj.; = 0.9, pi,, = 0.1 (third sequence). From Equation
(6.2), we must have p},pi., = 0.09 which is satisfied by both of these examples.

Alternatively, if we know that the marginal probabilities for the letters are
not equal, then we can state that the parameters, p}, and pi; have the following
relationship: 7({0})pl, = (1 — 7({0}))pd,, = 7({1})pd.,- Therefore, equation (6.1)

becomes:

Po:1Pio — PooP1a = Poo — Pl
= PoaPro = PooPia — Pra + PooPia
= Ppalio = (1 - pg;o) Pra +Poo — Pia
= PpaPro = Pia — PooPra + Poo — Pia (6.3)

11 0 1
= Po:1P1:o = Poo (1 - p1:1)

1.1 _ .0 T({1}) o
= Po:1P1:0 = Poo (1 - 7r({0})p0:0>

1 1
= Po.1P1.o = &

OR
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11 1 1 _ .0 1
Po.1P1.0 — Po.oP1:1 = Po.o — P1a

= P(l):lp%:o = pg:O (1 - p%:l)

1 m({0}) (1_ 1 )

= p[l):lplzo = WPM P11

= p(l):lp%:() = B

where a = pf, (1 - :E}éﬁpgﬂ) and 8 = :E?ﬁ%pil (1 —pi.,,). Parameters must
satisfy these constraints to be valid. These constraints are used to define the
conditional word probabilities for the de Bruijn process in the last sequence of Figure
6.3.

Specifically, in that example, I set the marginal probabilities to be 7({0}) = 0.2
and 7({1}) = 0.8. Following on from this, I required the sequence to again be sticky
for 1’s and set pi.; = 0.9. Given that 7({0})p}.; = 7({1})p,y, this gives p., = 0.225.

From (6.3) (or equally (6.4)), we can therefore state,

1 1 _
pO:lpI:O =

=0, (1 - :E‘{{(ﬁ;p&o)

0.8
=0.22 11— — .22
0.225 x ( 09 x 0 5)

= 0.0225.

Further, given that we also have the marginal constraint, we can state that 7({0})p}.; =
7({1})p},. Both this result, and that in Equation (6.5), then give the following values
for the conditional word probabilities, {p}.o, Po.1, Pro, P1i} = {0.775,0.023,0.994,0.9}.

The non-directional run length distribution is extended to higher word lengths,
m > 2 in Theorem 6.2, following a similar pattern to both the m = 1 non-directional
run length distribution and the m > 3 directional run length distribution.

If we first consider a run length of just n = 1, then the distribution will consist
of a single probability, as we only require the probability of getting that single letter
given the associated de Bruijn word. These words will be of the form %0 : 0«

where both * and *” can be any sequence of letters of length m — 1. In terms of the
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conditional word probability, this will be pl, .., where the resulting sequence, to give
a run of length one, will be of the form *x010%’. Due to the non-directionality, we
require the run-in period that we had in the directional version at both ends of the
run sequence. Hence, there are 2™ possible words that take this form. For example,
consider a length m = 2 non-directional de Bruijn process where we are looking for
run lengths n = 1. All possible words that take this form are 00100, 00101, 10100
and 10101, which would have the corresponding conditional word probabilities, pgy.o0,
Pooots Pioo and Progr-

If we now consider run lengths of length n = 2, we require two conditional word
probabilities for each of the 1’s in the run. The first of these probabilities, ply.o.
refers to a word of the form %0 : 10«” where the sequence represented by * is of
length m — 1. Given that we know there will be exactly two 1’s, the second half of
the word must be of the form 10«’, where the sequence represented by *’ is now of
length m — 2. The second conditional word probability, ply;.o., refers to a word of
the form %01 : 0«’. This is a mirror image of the first word, since, due to the form of
non-directional words, we require a run-in period at both ends of the run of 1’s. %
is now any sequence of length m — 2 and %’ is any sequence of length m — 1. The
resulting sequence is of the form *x0110%’, where both * and *’ are of length m — 1.

22m possible ways to form this sequence.

There are

For run lengths longer than n = 2, the structure is very similar to above, where
we require the same run-in conditional word probabilities at both ends of the run
of 1’s. If the run length is larger than the word length, m, then the first words on
both ends will be of the form %0 : 1...1 and 1...1 : 0«¥’. Both * and %’ are any possible
sequences of 0’s and 1’s of length m — 1. Moving from the outer words to the inner
words, we decrease the length of the sequences * and #’, and include the next letter 1
into this part of the word; i.e. the word 0 : 1...1 goes to the word %01 : 1...1 (where
* is now of length m — 2), then to the word %011 : 1...1, carrying on in this way until
we reach the word 01...1 : 1...1. This pattern occurs on both ends of the run-up. For

runs of length n > 2m + 1, the probability p} ;, ; is included n — 2m times since

m 1’s are included in the run-in periods on both sides of the run.
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For run lengths between n = 2 and n = 2m, the length of the word is longer than
the run itself, and we thus never reach the point where we require the probability
pi 1.1 1- The run-in periods at each end will have to accommodate this by also
including letters from the opposite end for certain words.

Since there are different possibilities for both the start sequence and the end
sequence which are included in the de Bruijn words, we must again use the law of

total probability in the same way to Theorem 4.2. The equation is used as follows:

922(m—1)_1
P(run length =n) = > P(run length = n|x «)7(x ), (6.6)

%
=0

/
7

where the notation, * */, is used to represent the i*® combination of both of the
length m — 1 sequences which are contained in the end words of a non-directional
run length. Hence, 7(x_x}) is the i*! joint marginal probability for a run to start
with the sequence x and end with the sequence ’. Since the start sequence must
be of the form *0 and the end sequence is of the form 0+', where both % and %" are

sequences of length m — 1, there are 221

possible combinations that could contain
the same run of 1’s.

In Chapter 4, the joint marginal probabilities in Equation (6.6) were found by
applying the law of total probability again, so that the marginal probabilities of the
m — 2 sequences were found in terms of the marginal probabilities of the length m
de Bruijn words. The marginal probabilities of the de Bruijn words are equivalent to
the stationary distribution of the de Bruijn process Markov chain, which was found
by either powering up the transition matrix or by calculating the corresponding
eigenvectors. Unfortunately, we can no longer use this process to find the marginal
probabilities of certain sequences for the non-directional de Bruijn process. The
main problem here is that we require calculation of the joint marginal probability of
simultaneously getting two length m — 1 sequences (at the beginning of the run and
at the end of the run), given that we are working with a length m de Bruijn process.
We also do not have a transition matrix, and so cannot calculate the stationary

distributions of the words in the de Bruijn process. Therefore, I leave this part of

the run length distribution for future work. Currently, I plan to use a recurrence
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relationship for the marginal probabilities of length m — 1 de Bruijn words in terms
of length m de Bruijn words. If we have a given sequence from the de Bruijn process,
then it may be possible to estimate the marginal probabilities (7(* *})) by counting
the number of times each combination of start (x) and end (*’) sequences occur

around a run of 1’s.

Theorem 6.2 (Run Length Distribution, m > 2).

P(run length = n)

Z2m 1 122m 1 (Z_])p%” for n=1

POy ' 1Z2m - Yr(i_j) for n=2:2m
X Hk 0 {mem(k m) _ 1+[2k+1(2 mod 2m—k— 1)] .

Skt fgm—t-1y g L [—(j mod 2n—k—1)]}

ST Ty (i) for n>2m+1
2m 1 1
X H {mein(k,m)1+[2k+1(i mod 2m—k—1)] .

me(Qm k—2,m— 1){2m7t71}+22m1k71 I:]_(‘7 mod 22mk1)]}

1 n—2am
X <p2m71:2m71>

Proof. See Appendix B m

For example, assume that we have a non-directional de Bruijn process of word
length m = 2. We thus require words of the form %0 : 11 and 11 : 0«', at either ends
of the run of 1’s, where both * and " can either be a 0 or a 1 to complete each of
these words. Hence for %0 : 11, we can either have the word 00 : 11 or 10 : 11, and
for 11 : 0%, we can either have the word 11 : 00 or 11 : 01. Obtaining a 1 in the
place of : for all of these words gives the sequences 00111, 10111, 11100 and 11101
respectively.

For the next word in (moving towards the run of 1’s) on either end of the run,

we no longer have the sequences * and *’, and so we have the word 01 : 11 in the left



6.2 1-d Methodology 197

run-in and the word 11 : 10 in the right run-in. These will be the next words in the
run regardless of the words on the ends.

Finally, we require the word 11 : 11 until the desired length of 1’s is reached.
Using Equation (6.6), we hence have the following for the probability of a run length

of size n:

n—2

P(run length =n) = m(0_0 [poo 1Po1 (p 11:11 ph;lop%l;oo}

n—2

+m(1_ 0) p1o 1Pora (Pl

1 1
( P11:10P11:00
( n—2

n—2 ]
m(0_1) poo 11PoL11 (P 11: 11) Pir1oPiion
+ (1 1) p10 11Porn (P 11)

1 1
Pi1:10P11:01 |5

where 7(0__1) is the joint marginal probability of obtaining a 0 and a 1 in place of

and *" in the two words at the end of the run, %0 : 11 and 11 : 0%', respectively.

6.2.3 Expected Run Length

Given the non-directional run length distribution, we can now calculate the expectation.
The expected run length for an m = 1 non-directional de Bruijn process is given in

Lemma 6.3. Unlike the results of Section 4.2.2, we can no longer utilise connections

to the geometric distribution to help refine the results. In Lemma 4.3, we obtained

an expression in the form >, n(1 — p)"p, which we were able to simplify to %
using the definition for the expectation of a geometric distribution. In Lemma
6.3 we are instead left with the expression 3°°,n (pl.,)" pi,,. Although this looks
similar to the expression in Lemma 4.3, it may not be the case that pi, + pl, = 1,
meaning that we can no longer use the geometric distribution. Instead, we can use
the relationship, Y00 np" = ﬁ to simplify results, providing |p| < 1. Note that

we are disregarding any cases with p = 1, as the de Bruijn process would produce a

sequence consisting entirely of 1’s (or 0’s).

Lemma 6.3 (Expected Run Length, m = 1).

pé:lp%:D (2 - p%:l)

for pj., <1
(1 _p%:l)Q

E [run length] = p{, +
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Proof.

E [run length] = Y " n x P(run length = n)

n=1

= poo + Z ”po 1 (pl 1>n_2 Pi;o

1 1
1 Po:1P1.o l P11 1 ] . 1
2 5 — Pia since py.; <1
(p%:l) (1 _p%:l)
1 p(l):lp%:o (2- ph)

(1 - p%:1>2

]

The expected run length of non-directional de Bruijn processes with word length
two or higher is given in Theorem 6.4. The result > 77, np™ =& _pl)Q can still be used

to simplify results, providing [p| < 1.

Theorem 6.4 (Expected Run Length, m > 2).

E [run length]

2m112m11

Z Z ZJ pQZ]

am—-1l_12m=1_1 -1

+ Zl o> w il {p;min(k,m)_l_l,_[QkJrl(i mod 2m=k=1)] ;
1=2 1=0 J=0 k=0
Zg(l7k72,m*1){2m_t—1}+2l_ﬁ [jf(j mod 21—’“—1)] }1
gm—1_19om—-1_1 2m—1
.. 1
_|._ Z Z W(Z_]) H {p27nin(k,m)_1+[2k+1(i mod 27n7k71):| :
=0 j=0 k=0

Zg(mek72,m*1){2m_t_1}+ 22mik—1 []_(] mod 22m—k—1)] }

1 2 Pam _1.9m 1 2L~
% —L2m— — s(pm_;m_)sl}
{(p%m1:2m1> [(1 _p%m71:2m71)2 Szz:() ’ e '

Proof. See Appendix B O
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6.2.4 Variance of Run Length

The next measure of interest is the variance of the run length distribution. We can
calculate the variance using the results from Lemma 6.1 and Theorem 6.2, along with
the well known definition, Var[run length] = E[run length®] — (E[run length])2.
The squared expectation of the run length distribution for the m = 1 word length
case is given in Lemma 6.5. Again, it is no longer possible to use properties from the
geometric distribution to help make simplifications to results. In Lemma 6.5, we are
left with the expression, >.°°, n? (pl,,)", which we can simplify using the relationship,

S0 nPpt = ’(’(p +)1 providing |p| < 1.

Lemma 6.5 (Squared Expectation of Run Length, m = 1).

2
1 pé:lp%:o <(p%1) - 3p%:1 + 4)

E [run length?®] = p{,, — for p;., <1

Proof.

E [run length’] = Y~ n? x P(run length = n)

n=1

i n—2
= pé:O + Z n2pé:1 (p%l) p%:O

= pl po 1p1 o) Z <p1 1)
_ 1 p01p10 lin p11 _ph]

1
= Doy — P lpl 0 h 11(171 1 + ph] since py, < 1
p1 1 p1
. p01p10 (P1.1) —3p11+4)
p1 1

]

The squared expectation of the run length distribution for word lengths m > 2
is given in Theorem 6.6. Again, the variance is found by substituting this result
into the known result, Var[run length] = E[run length®] — (E[run length])2.

p(p+1)

E[run length] is given in Theorem 6.4 and the relationship, >0, n?p" = — P

is used providing |p| < 1.



200 Towards Non-directional De Bruijn Graph Structures

Theorem 6.6 (Squared Expectation of Run Length, m > 2).

E [run length?]

om— 1 _19m— 1 -1

Z Z ZJ p21]

am—1_jgm-1_1 -1

+ Z l2 Z Z 7T(Z_j) H {pémin(k,m)_l_;'_[quLl(i mod 2m7k71)] .
1=2 i=0  j=0 k=0

me(l k—2,m— 1){2m_t_1}+21_%€_1 [jf(j mod 2l—k—1)] }‘|

ogm—1l_j19m-1_3 2m—1

+ > Y w6y ]I {p;min(k,m)_1+[2k+1(i mod 2m—k=1)] ;
i=0 Jj=0

k=0

min(2m—k—2,m—1) i 1 . . —k—
i {am—t 1}+22m_k_1 []7(] mod 22m—k 1)]}

2m
1 1m om lm om 1 2m
X {( - ) lp2 —1.21 _1(Pgm 12 —;‘F )+ZS2(p§m_1;2m_1)S]}
s=0

Pam_q.0m_q (p2mf1;2mf1 - 1)

for pau_yom_y < 1

Proof. See Appendix B n

6.2.5 Examples

Having calculated the run length distribution, we can now discuss the analytical
run lengths for the examples in Section 6.2.1. In Figures 6.2 and 6.3, we had four
examples of length m = 1 non-directional de Bruijn processes with the conditional
word probabilities {pl.q, Pb.15 Pi.o, p1q} being {0.5,0.5,0.5,0.5}, {0.1,0.1,0.9,0.9},
{0.1,0.9,0.1,0.9} and {0.775,0.023,0.994,0.9}.

Table 6.1 shows the probabilities of getting a run length of n 1’s using the m =1
word run length distribution in Lemma 6.1 for these four examples (presented in
the same order as above). We immediately notice that the expected run lengths
for the de Bruijn processes with conditional word probabilities {0.1,0.1,0.9,0.9}
and {0.1,0.9,0.1,0.9} are now equal. This is what we expected, and further proves
that there are errors in both of the simulation methods presented in Section 6.2.1.
The results are similar to that seen in Table 4.1, for the 1-d directional de Bruijn
processes. Both DBP 1 (Bernoulli trials) and DBP 4 (non-symmetrical process) are

shown to have a high chance of a short run length, where the probabilities of getting
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a run of just n = 1 are 50% and 77.5% respectively. The other two stickier processes
have a much lower chance of a short run length, and are also shown to stay fairly

consistent for similar run lengths.

H Run Length,n | DBP1 DBP 2 DBP3 DBP 4 H

1 0.5 0.1 0.1 0.775
0.25 0.09 0.09  0.0225
0.125 0.081  0.081  0.0203

0.0625 0.0729 0.0729 0.0182

0.0313 0.0656 0.0656 0.0164

0.0156  0.0590 0.0590 0.0148

0.00781 0.0531 0.0531 0.0133

8 0.00391 0.0478 0.0478 0.0120

Table 6.1 Table to show the probabilities of getting run lengths of n = 1,...,10
for four different non-directional de Bruijn processes of word length m = 1. The
corresponding conditional word probabilities ({p{., P> Pl Pia}) for these four
processes are as follows, DBP 1: {0.5,0.5,0.5,0.5}, DBP 2: {0.1,0.1,0.9,0.9} , DBP
3: {0.1,0.9,0.1,0.9}, DBP 4: {0.775,0.023, 0.994,0.9}.

N O O W N

The theoretical expected run lengths of 1’s for these four sequences (DBP 1,
DBP 2, DBP 3 and DBP 4) are 2, 10, 10 and 3.25 respectively. These values are
as expected, as DBP 2 and DBP 3 are designed to produce sticky sequences of
0’s and 1’s, whilst DBP 1 is designed to produce random sequences. DBP 4 is
interesting since, although we have set the conditional word probabilities to produce
sticky sequences, the expected run length is fairly short at 3.25. This is likely to
be due to the intermediate conditional word probabilities, pi, and pi,. Setting
pi1 = 0.023 causes there to be a low chance of observing a run of 1’s longer than
one. This is confirmed in Table 6.1, where we see that the probability of a run of
length n = 1 is large at 77.5%. With the results from Table 6.1 we can conclude that
for this non-symmetrical process, it is very hard to start a run of 1’s longer than
one, but once we have started the run off, we have equal chances of observing longer
runs. Therefore, by using all available conditional word probabilities, we can create
sequences with a vast amount of structure.

Finally, the theoretical variances for the four de Bruijn processes are 6, 190, 190

and 48.25 showing that there is more variability in the stickier processes.
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6.2.6 Generating Functions
Probability Generating Function

We can also find generating functions (Johnson et al., 2005; Wilf, 1994) for the
non-directional de Bruijn process run length distribution. The first of these is the
probability generating function, which takes the form G(z) = Ez"] = 372, 2" P(run length =
n). As a reminder, the probability of a run of length s is found by evaluating the s

derivative of G at x = 0, and dividing by s! so that P(X = s) = G(Z(O). See Section

4.2.4 and Johnson et al. (2005); Wilf (1994) for more information and background
reading on generating functions

The probability generating function for the de Bruijn process with word length
m = 1 is given in Lemma 6.7. The result is very similar to that given for the
directional version with word length m = 2 in Lemma 4.10. Unlike the expectation
and variance of the non-directional run length distribution, we are now able to follow
the same format as the generating function for the geometric distribution seen in

Theorem 4.9.

Lemma 6.7 (Run Length Probability Generating Function, m = 1).

G( _ (p[%:lp%:o — p(l):Op%:l) xQ + p(l):Oz
™) = 1 —pigx

Proof.

Doo for n=1
P(run length =n) =

pé:l(p%:l)n_Qp%:O fOl" n 2 27

The recurrence relationship has the following form:

ag = 0
1
a1 = Po.o
1 1
a2 = Pp.1P1.0

Unt1 = Pl.y0n for n>2
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This is solved to find the generating function G(z) = 3,5 a,2". Then, multiplying

by 2™ and summing over n gives the following:

> tnia” = Y phadaa”

n>2 n>2
(a3x2 + agx® + aszt + .. ) = p}zl (Z anx’ — ag — alx)
n>0
1
. [(ao + a4+ agx® + .. ) —ap — T — a2x2] =1, (G(x) — pézox)
G(7) = Poo® — PoaPio®”
00 “ PP 1 (Go(a) — phoe)
(pézlp%:o - p(l):()p%:l) ZL'2 + p(l]:()x

I p%:lx
[

The probability generating function for the run length distribution of non-
directional de Bruijn processes with word length m > 2 is given in Theorem 6.8.
Again, it has a similar structure to both the m = 1 word length case and the m > 3
directional case in Theorem 4.11. There are still additional polynomial terms which
arise from the words during the run-in periods at both ends of the run (before we
reach words of the form 1...1: 1...1). There is no recurrence relationship that can
describe the pattern between each of these terms in the generating function, hence it
is formulated as a polynomial. For the main part of the run, where we only have
words of the form 1...1: 1...1, this becomes equivalent to a geometric distribution,

and hence the result becomes equivalent to the geometric generating function.
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Theorem 6.8 (Run Length Probability Generating Function, m > 2).

2m—+1

2m 1
Pom_1. _1Q9mT
G(l’) :z :CLSZ’S—F 2m 1.2’”{ 1%2m
s=0 L —pam_1.9m 1T

where,

gm-l_jom-1_j

ar = Z Z ﬂ-(i—j)p%i:j
i=0  j=0
gm—1l_jgm-1_1

az = Z Z W(ZJ){pm’ : 2m=14 1[5 (j mod 2)]} X {p1+4[i mod 2m—2] :j}

i=0 =0
2m—1l_12m-1_1 2m—1
o . 1
Aom = Z Z W(ZJ) X H {pzmin(k,m)_1+[2k+1(i mod 2m—k—1)] .

i=0  j=0 k=0
min(2m—k—2,m—1 o . . .
tn:lol( m m ){2m t 1}+22m1k—1 [j_(] mod 22m—k 1)]}

Proof. See Appendix B n

Moment Generating Function

We can also find the moment generating functions for both the m = 1 and m > 2 non-
directional de Bruijn process run length distributions. Moment generating functions
take the form G(z) = Ele™] = >0°, " P(run length = n) for n =0,1,2, ..., and
are used to find the moments of the distribution. The s*® moment, can be found by
evaluating the st derivative of G at 2 = 0 such that, m, = G (0). G(0) always
exists for the generating function and is equal to one. From Section 4.2.4 we can also
find the cumulant generating function by taking the log of the moment generating
functions given below (McCullagh, 1987; Wilf, 1994).

The moment generating function for the m = 1 case is given in Lemma 6.9. There
is a clear similarity between this result and the result shown in Lemma 4.13. If we
differentiate the moment generating function, we can obtain the expression for the
expected run length given in Lemma 6.3 (this calculation is given in Appendix B).
Using Maple, we can further obtain the result for the squared expected run length

in Lemma 6.5.
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Lemma 6.9 (Run Length Moment Generating Function, m = 1).

G - (ptl):d?%:o _ p(l):Op%:l) 6255 + ptl):Oem
(33) B - p%'lex

Proof.
Dbo for n=1
P(run length =n) =
p[l):l(p%:l)n_2p%:0 for n 2 2a

The recurrence relationship has the following form:

ag = 0

_ 1
a1 = Po.o

_ 1 1
a2 = Pp.1P1:0

Unt1 = Pl.yan for n>2

This is solved to find the generating function G(z) = X,5pane™. Then,

multiplying by €™ and summing over n gives the following:

5 1™ = 3 plaane™

n>2 n>2

1 nr T
P11 (Z ane — Qo — ae )

(age% + a e + aze™ + .. )

n>0

ex

[(ao + a1e® + age® + .. ) —ag — a1’ — ageh}

pia (G(x) = phoe”)

= pia (G@) = Pooe”)

:lp%:O - p(l):Op%:l) 62x + p(l):()e:ﬂ
1- p%:leaC

G(’I) - p(l):[)ex - p(l):lp%:o€2m
ev

O

Lastly, the moment generating function for the non-directional run length
distribution when m > 2 is given in Theorem 6.10. This has a similar form to

both the m = 1 case and the directional case for m > 3. The additional polynomial
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terms are once again present, coming from the end run-in words, where we are either
leading into or out of the run of 1’s. The simplified fraction term is of the same form
as the moment generating function for the geometric distribution. Using Maple, we
can differentiate the moment generating function to obtain the expressions for the
expected run length and squared expected run length, given in Theorems 6.4 and

6.6.

Theorem 6.10 (Run Length Moment Generating Function, m > 3).

1 (2m+1)x
Dam_q.9m_102m€
= E ase’™ +

L — pym_1.0m_1€°

where,

2m112m11

Z Z Z_] szj
Jj=

2m71_1 2m71_1

.. 1 1
>y 7?(2_7){102,- am 11— (j mod 2)1} X {p1+4[z' mod 2m~2] J}
=0 j=0

gm—1_79m-1_1 2m—1

Z Z W<2J> X H {p;min(k,m)1+[2k+1(i mod 2m—k—1)] .
i=0  j=0

k=0

me(2m k—2,m— 1){2m7t71}+22m1k71 I:]_(‘7 mod 22mk1)]}

Proof. See Appendix B n

6.2.7 Marginal Likelihood

Given that we can define a one-to-one relationship between the non-directional words
and the 1-d directional words, we can extend the directional word marginal likelihood
(from Lemma 4.17 and Theorem 4.18) to be applicable to the non-directional de
Bruijn process. The marginal likelihood is the joint distribution of a sequence in
terms of the proportion of different words in that given sequence. In exactly the

same way as Section 4.3, given a sequence of 0’s and 1’s, we will be able to use the



6.2 1-d Methodology 207

marginal likelihood to estimate the marginal probabilities for each of the de Bruijn
words. This can be done using either maximum likelihood or Bayesian inference.
The marginal likelihood for a de Bruijn process of word length m = 1 is given in
Lemma 6.11, which is equivalent to counting the proportion of each of the words in
the sequence. As a reminder, 7(i : j), is used to represent the marginal probability
for the word 7 : j, and n;; is the number of times the word 7 : j appears in the
sequence. Dimensionality is reduced slightly since all marginal probabilities sum to

one and all the n’s add up to the total sum of all the words, defined as N.

Lemma 6.11 (Marginal Likelihood, m = 1).

L(seq) = m(0:0)"07(0: 1)" 2w (1: 0)" 07 (1 : 1)1
=m(0:0)" (0 : 1)"tr(1: 0)"10

X [1 - (71'(0 : 0) + 7T(0 : 1) + 71'(1 : 0))]N*(n0:o+no;1+n1;0)
for N = ngo +noq +nio+mnpand 7(0:0)+7(0: 1) +7(1:0)+n(1:1)=1

Proof. Given a sequence of letters 0 and 1 of length N+ 1, the sequence can be defined
by its associated de Bruijn words of length m = 1. 7(i : j) gives the probability
of obtaining the word 7 : 7. The joint distribution is given by the product of the
respective 7’s for each word and N gives the total number of words. By collecting

like terms, the above definition is given. O]

The marginal likelihood for a de Bruijn process with general word length m is
given in Theorem 6.12, following the same structure as in both the directional version
(Theorem 4.18) and the non-directional version for m =1 (Lemma 6.11). As used
previously in this thesis, I have chosen to write the result in terms of the decimal

representation of the binary values.
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Theorem 6.12 (Marginal Likelihood, m > 1).

22m_1 n_1

1 77 [6— (4 mod 2"™)] : i mod 2™
L= H7T(2m[z'—(im0d2m)]:im0d2m>2[( B
i=0
22m_1
= I =(d@)™e
i=0
22m _o 22m _o N_(Zii’rg*Q nd(j))
=TI sty 1= (X x|
i=0 7=0
where, d(i) = 5% [i — (i mod 2™)] : imod 2™
Proof. See Appendix B O

6.2.8 Conditional Word Likelihood

As with the directional process, we can now define the likelihood for the conditional
word probabilities of a sequence generated from a non-directional de Bruijn process.
Given the likelihood, we will then be able to estimate the conditional word probabilities
using either maximum likelihood or Bayesian inference (since the conditional word
probabilities are the non-directional equivalent to the directional transition probabilities).
For the same reasons as before, we assume that we know what the word length used
to generate the sequence is before we begin estimation, as a different number of
conditional word probabilities are needed for each word length.

The likelihood of a sequence in terms of its conditional word probabilities for a
length m = 1 non-directional de Bruijn process is given in Lemma 6.13. As with
Lemma 4.19, the number of times each conditional word probability occurs in a
sequence is very important since this defines the exact ordering of the letters for that
sequence. The de Bruijn structure ensures that only certain probabilities of obtaining
a 1 can occur next to each other, and so gives us the unique ordering of both the
words and letters. Therefore, the joint distribution of the sequence in terms of the
conditional word probabilities can be described by the product of all the subsequent
conditional word probabilities. p;. ; 1s the probability of getting a 1 in the sequence

1% j and nil:]- is the number of times the sequence 715 occurs with word 7 : j.
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Lemma 6.13 (Conditional Word Likelihood, m = 2).

0

€= (sho)™ (o)™ (48" ()™ ()™ (k)™ (1) (1)

Proof. Assume a sequence of n letters, L = ly,ls, ...,1,, where [; € [0,1] and the
ordering is fixed. This sequence can be expressed in terms of its de Bruijn words
is the de Bruijn word of length

such that L = wy, .y, Wiy, .., Wy where wy,

o2l i+2
m = 1 that consists of the letters [; and [;,5. Consider the joint distribution of this
sequence. Starting from wy,.,, lo can either be a 1 or 0 with probabilities p}ﬂll:l?)
and p?ull:ls =1- pv}wl;zg,' Then [5 can either be a 1 or 0 with probabilities p}ulwl and
pg,l?l4 =1- p}%u. This continues for all letters in L, where [,_; is either a 0 or
a 1 with probabilities p}ulniwn and p?uln#l" =1- pzlmn,gzzn' This produces the joint

distribution, £(L|p) = piﬁll:lg X PG, X e X pﬁ}}l;l where by collecting like terms

_92:ln )
for each possible conditional word probability, the above result is given. Note that
this is invariant to direction. The direction or labelling is arbitrary providing the

letter ordering in the sequence remains. O]

For any word length, m > 1, the likelihood in terms of the conditional word
probabilities is given in Theorem 6.14. This again has the same form as that seen in

Lemma 6.13 and for the directional version in Theorem 4.20.

Theorem 6.14 (Conditional Word Likelihood, m > 1).

22m_1 0

L= H (p(%[i_(i mod 2™)] : i mod Qm)n

1=0

T}n[i—(i mod 2™)] : i mod 2™

ntyo .
2—m[17(1 mod 2™)] : i mod 2™

1
X (p%n[zf(z mod 2™)] : i mod 2m)
22m_1

= 11 (1_7)5(1‘))”2(” (P5<i>>ném

=0

where, d(i) = 5% [i — (i mod 2™)] : i mod 2™

Proof. See Appendix B m
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6.2.9 Inference

Given a sequence of 0’s and 1’s, we can estimate the word length and conditional
word probabilities using Bayes’ theorem and Bayes’ factors (Kass and Raftery, 1995;
O’Hagan, 1997) in a similar method to the directional de Bruijn version. As previously
stated, it is possible to perform inference in a similar way to the directional de Bruijn
process since the non-directional words can be converted to their directional de
Bruijn word equivalents. The method of inference is also similar to that used by
Besag (1986), but I choose to incorporate the neighbourhood property of de Bruijn
graphs in the likelihood, rather than in the prior.

To estimate the conditional word probabilities, we can combine the likelihood from
Theorem 6.14 with a beta prior, P(p) = %po‘_l(l—p)ﬂ_1 for a > 0,8 > 0, using
Bayes’ theorem. This is the same as was seen in Chapter 4, where we can incorporate
any initial information we might have about the conditional word probabilities
into the prior. I have again chosen a beta prior due to the conjugate relationship
between the prior and likelihood. The posterior distribution for the conditional word

likelihood for the non-directional de Bruijn process with word length m = 1 is as

follows:

_ L(seq|p)P(p)
P(plseq) = J L(seq|p)P(p)dp

o L(seq|p)P(p)

= (1- p(l);o)ngto (p(lJzo)n(l’:O (1= po.o)™ " (ppo)™
x (1— Pé:l)ngil (p(l);l)né:1 (1= po.)™ " (po.) ™
x (1— Pio)n?’o (pio)”io (1= pro)™ " (pro)™ !

n? nl — ag—
X (1 _pizl) b (pil) v (]' _pizl)ﬁ4 ! (pil) ot

= (1= o) (pp) ot
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Again, the posterior distribution for the de Bruijn process conditional word
probabilities is a product of beta densities. Due to the conjugate relationship, the
denominator in Bayes’ theorem ([ L(seq|p)P(p)dp) can easily be found using the

identity, fol 1 —2)fldr = % This gives the model evidence as follows:

F(noo"‘ﬁl) (néo‘i‘al) F(”m +52) (n(l)l +a2)
/P(seq|p)P(p)dp [(ngo + noo + F1+ 1) T(ng, +ngy + 2 + 042)
F(n 10+ 33)T (nl ot as) F(n 11+ Ba)T (nl 1+ 0‘4)
['(n,y+ nio+ B3 + az3) 11(”11"‘7111‘1‘544'044)

The posterior distribution for the general case when m > 1 is given in Theorem

6.15.

Theorem 6.15 (Posterior Distribution for de Bruijn Conditional Word Probabilities,

m > 1).
L(seq|p, m)P(p|m)
P —
(plseq) Plseq)
L(seq|p,m)P(pim)
L(seq|p,m)P(plm)dp
where,
22m _q n0 o . i1
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i=0
1
n%[z_(l mod 2")] : 4 mod 2m+ai+1_l
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with d(i) = 5~ [i — (: mod 2™)] : i mod 2™

Proof. See Appendix B n

Due to the similarities between the directional and non-directional de Bruijn
processes, the method to estimate the de Bruijn word length can again be treated in
the same way for the non-directional process. Therefore, we still proceed to estimate
the word lengths using Bayes’ factors. Given a sequence of 0’s and 1’s, we will then
be able to estimate both the conditional word probabilities and the word length of
the non-directional de Bruijn process which is most likely to have generated it. The
general method of Bayes’ factors used is exactly the same as explained in Section 4.3,
where we use the method to question whether a given sequence, S, was generated
from one of two hypotheses. The first hypothesis says the sequence was generated
from a de Bruijn process with word length m; and the second says the sequence was
generated from a de Bruijn process with word length ms. We have a probability for
each of these occurring, along with prior probabilities that each of these sequences
was indeed generated with the proposed word length. We can then produce the
appropriate posterior probabilities, and if we consider Bayes’ theorem in terms of an
odds scale of these hypotheses in favour of m;, we can define the Bayes’ factor ratio

as follows:
P
Bl,2 - (S’m1)7
P(S|ms)

if the hypotheses, m; and ms, are equally likely. As in Chapter 4, we can find an
expression for P(S|my) by integrating over the parameter space for the conditional

word probabilities, such that:
P(S|mi) = /5(5|Pk7mk)P(pk|mk) dpr,

for k € {1,2}, where L£(S|px, my) is the likelihood of the data and P(px|ms) is the
prior density of the model parameters, p. This gives the equation for the model
evidence from Theorem 6.15, which is possible to calculate as we have a conjugate
relationship between the likelihood and the prior. It is important to note here that

the model evidence is independent of the conditional word probabilities, p. This
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means that we are able to estimate the form of the de Bruijn process (the word

length) before we make any attempt to estimate the p’s. To help with computation,

P(S|m;)
P(S|m;)’

I use the log scale. We calculate a Bayes’ factor ratio, B;; = for each
combination of models, where i,j € {1,2,...,10}, in order to find which model is
preferable.

In the set up of the de Bruijn process, I make the assumption that the word length,
m, cannot be too large. Otherwise, we are left with very large word lengths with far
too many parameters to be estimated with little benefit to the model. Therefore, I
make the decision to limit word lengths to not be any greater than 10. Since we have
a conjugate prior, it is easy to calculate the evidence for each word length, compare
each model in turn and determine the word length that best represents the given
sequence. When values of B; ; are large, we have more evidence to reject the model
with word length m; in favour of the model with word length m;. The method of

Bayes’ factor for estimating the word length for non-directional de Bruijn processes

is given in Theorem 6.16.

Theorem 6.16 (Estimation of Non-Directional De Bruijn Word length by Bayes’
factors, m > 1). Consider a sequence of 0’s and 1’s which was generated under one
of two hypotheses. The first is a de Bruijn process with word length m; and the
second is a de Bruijn process with word length ms. The Bayes’ factor ratio is as

follows:
P(S|my)
By — -2
Y2 P(S|my)

where,

P(S|my) = /P(seq|p, my) P(p|my)dp
Zrr (n(c)l(i) + @'H) r (ncll(i)) + ai+1>
i=0 r <n2(2) + n}i(z) + 51'4,_1 + ai—f—l)

for k € {1,2} and d(i) = 5 [i — (¢ mod 2™)] : i mod 2™
When values of By 5 are large, we have more evidence to reject the first hypothesis

with word length m; in favour of the second hypothesis with word length ms.

Proof. Follows from Theorem 6.15. [
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Once we have estimated the word length, we are then able to estimate the

conditional word probabilities by applying the result in Theorem 6.15.

6.3 2-d Methodology

Following on from the 1-d methodology for non-directional de Bruijn processes, it
is now important to consider what form 2-d non-directional de Bruijn processes
might take. The main inspiration for non-directional de Bruijn processes came from
considering 2-d directional de Bruijn processes, where applying a directionality did
not strictly make sense. There has been a large amount of previous research done in
this area, particularly within the scope of Markov random fields and image processing,
including Besag (1986). In this current section, I have outlined how I would proceed
in solving the problem based on the non-directional de Bruijn process established
in this chapter. For future work, I would like to look at comparisons with existing
methods, and determine whether we can use any existing methodology or properties
to improve the ideas further.

One of the main objectives is to find a form of the word so that, like the 2-d
directional de Bruijn process (method 2) and the 1-d non-directional de Bruijn graph,
we can convert the words into their 1-d directional word form. This is providing that
we can decompose each of the 2-d words in the same way to give a 1-d vector. We
can then use the methodology from Section 4.3 for inference to estimate both the
conditional word probabilities and the word length.

When considering what the form of the word could take for the 2-d non-directional
case, there are many different options. Not only do we want to define the shape or
form of the word, but we also want to classify different sizes of the word so that we
can have different ‘word’ length de Bruijn processes. When considering different sizes
of words for different types of 2-d de Bruijn words, we can start to form families of
words. I define a family of words as all of the possible words for a de Bruijn process
for each word length m. For example, the words defined in Figure 5.2.2 for Method 2
2-d directional de Bruijn process would define a family. I chose this form of the word

to best include all of the letters that the current point may be dependent on. Equally,
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I could have changed the form of the word to include all letters in an L shape behind
the current letter. Where, for each m, the next L row of letters would be added to
the current letters to form the next word. All of these words for each word of length
m would form another family of words for the 2-d directional de Bruijn process. Any
family of words can be chosen providing the words in each family are nested (the
smaller words must be contained in the larger sized words).

Two different possible families of 2-d non-directional de Bruijn words are shown in
Figure 6.4. Here, there are two fairly similar families of words that are formed from
diamond or square patterns in the grids of letters. The grey points represent either
0’s or 1’s, and the green point is the current point we are interested in estimating.
Initially, when considering what the first word might look like for either of these
cases, the simplest option is to take the four closest points in a cross shape. These
are outlined by the red lines in both plots in Figure 6.4, representing size m = 1
words in both cases. Now, considering what points might make up the size m = 2
word, we could include the additional four corner points to produce a square. This is
outline by the purple line in the right hand plot. Alternatively, as shown in the left
hand plot, the size m = 2 word (purple) could be chosen to follow the same diamond
pattern as the m = 1 word with an increased diameter. The remaining words in
this family would follow this pattern by increasing the size of the diamond with
increasing word size. Each word is formed by including letters which are m points
away from the green point moving horizontally or vertically (city block distance).

A third possible family of words is shown in Figure 6.5. This family was
created using the Euclidean distance taken from the green point to the letters
in the neighbourhood. The word of size m = 1 then consists of the four closest letters
to the green point in a cross. Larger words are then obtained by adding in the next
closest points with respect to the Euclidean distance.

Given that we have generated a family of 2-d words for the de Bruijn process,
it would then be ideal if we had a formula for generating the coordinates of the
points in the next word size given the current word. My current idea is to generate a

recurrence relationship, or generating rule, so that we would have a general formula
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Fig. 6.4 Two examples of 2-d non-directional de Bruijn word families, where the
green point is the point of interest to be simulated. Grey points represent either 0’s
or 1’s. The forms of the words for word sizes m =1, m =2, m = 3, m = 4 and
m = 5 that the green point is dependent on are outlined in red, pink, yellow, blue
and green respectively. The words in the left plot are formed from letters which are
m points away from the green point moving vertically and horizontally.

for producing the individual words for each family. For example, if the green points
in Figure 6.4 have coordinates (a,b), then we can calculate formulas to generate the
coordinates for all of the letters included in a size m de Bruijn word. For the diamond
word family on the left in Figure 6.4, the coordinates, (x,y),, for the included letters

in a size m word are given by,

(z,Y)m = (a,0) + Cy,
where,

O = {(m,0), (—m, 0)} U {(0, £m) + (bn,Fn) : b€ {~1,1},0 > n > m — 1}.

For the word family in Figure 6.5 where the words are generated using Euclidean

distance, the coordinates, (z,y)n, for the letters in a size m word are given by,

(.’17, y)m =Cm-1 + C1m
where,

Cow = {(a,0) : Va2 4 12 < \Ja? 1 2

vV (z,v),(a,b) € (X,Y), where (z,y) ¢ Cp,_1}.
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Fig. 6.5 Example of a 2-d non-directional de Bruijn word family generated using
Euclidean distance, where the green point is the point of interest to be simulated.
Grey points are either 0’s or 1’s. The forms of the words for word sizes m = 1, m = 2,
m=3 m=4,m=2>5,m=06and m =7 that the green point is dependent on are
outlined in red, pink, yellow, blue, green, purple and orange respectively.
where (X,Y) is the set of all possible coordinates in the predefined grid.

Unfortunately, I still have the same difficulties in simulating sequences from 2-d
non-directional de Bruijn processes as I did for the 1-d version. This is thus a high
priority future problem so that we can easily view samples from 1-d and 2-d de
Bruijn processes. There is also a combinatoral problem with the word sizes for all of
the families proposed above. As the word size increases, the number of letters in each
word quickly gets very large, requiring enormous numbers of potential words and
conditional word probabilities. Hence, for future work it would be a good idea to try
and reduce this number somehow by introducing further constraints. For example,
we may be able to define the conditional word probability to be dependent on how
many 1’s or 0’s there are in each word. As well as this, we should also be able to
reduce the number of parameters by taking advantage of symmetries in the word
and marginal probabilities.

A useful tool for future work with non-directional de Bruijn processes may be

graph theory. Using graph theory, we may be able to write the de Bruijn words
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themselves as graphs and apply well known identities. This may then help us tackle
the simulation problem, or give interesting properties such as a 2-d equivalence
to run length. In graph theory, there is a Markov property known as conditional
independence (Lauritzen, 1996). This property states that a set of nodes in a graph
can be conditionally independent of another set of nodes given dependence of a third
set of nodes. If we apply this to our de Bruijn words in Figure 6.4, then we could
say that the green point which we are interested in, conditional on the outer letters
in the word, is independent of all other letters. In other words, the centre letters
are independent of each other conditional on knowing the outer letters of the word.
Hopefully this would then give the joint distribution over all of the letters in the
word, where some are independent of each other. Then, given this joint distribution,
we may be able to decompose it into a set of conditionally independent objects. A lot
of the theory behind this is described in the literature as ‘total positivity’, where we
would be particularly interested in total positivity in binary distributions (Lauritzen
et al., 2019).

Hence, I believe a deeper understanding of graph theory will be a vital part of
future work on de Bruijn processes to see if there are any important properties that
we may be able to take advantage of. This may be useful when considering patch
size, or the 2-d equivalent to run length. For example, we may have the diamond
de Bruijn word family shown in the left plot in Figure 6.4, and look to define patch
run sizes also in a diamond shape. The runs we are trying to observe are diamond
shapes consisting entirely of 1’s with a ring of 0’s around the edge. Therefore, using
conditional independence, conditional on the 0’s surrounding a diamond of 1’s, the
1’s are independent of everything else. Conditional on the boundary of 0’s, we should
then be able to calculate the probability of every letter within the diamond being 1.
This provides the conditional probability, where we would then need to provide the

probability of getting the ring of 0’s for the full joint distribution.
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6.4 Discussion

In this chapter, I have given an overview of one possible method for a non-directional
de Bruijn process. The inspiration for this work came from looking at 2-d directional
de Bruijn processes, where I argued that the direction used in de Bruijn graphs did
not make logical sense in a 2-d input space. Inspiration was taken from existing
literature including Abend et al. (1965); Agapie et al. (2014, 2004); Banerjee et al.
(2004); Besag (1974, 1986); Wolfram (2002).

The non-directional de Bruijn process presented here is based on a 1-d directional
de Bruijn process, so that many of the properties and method of inference could
be carried across. Therefore, I chose the form of the de Bruijn word so that they
could be written in terms of their 1-d directional de Bruijn word equivalents. I was
then able to define a run length distribution and give definitions for the expectation,
variance and generating functions for the run length distribution. The method of
inference is also outlined where we are again able to use the method of Bayes’ factors
with either maximum likelihood or Bayesian inference to estimate both the word
length and associated conditional word probabilities.

One of the major issues with the current non-directional methodology is simulation.
I currently do not have a successful method of simulating a sequence from a given de
Bruijn method. I have outlined two possible solutions for this, but they both either
have errors in the formulation or have high combinatorial problems. This is one area
of this thesis that I am keen to rectify in future work.

Another area for future work is the run length distribution. Although I have
fully defined the run length distribution for the m = 1 length word, the run length
distribution for larger word lengths is not complete. Due to the run-in period at
both the start and end of each run of 1’s (or 0’s), we must average over all possible
combinations of start and end sequences to give the full distribution. This results in
requiring the joint marginal probabilities for each of these sequence combinations in
terms of the length m de Bruijn word. I have not currently found a solution for this,

but have considered whether it would be possible to form a recurrence relationship to
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define the marginal probability of a smaller word in terms of the marginal probability
of a larger word.

In Section 6.3 T also gave a brief introduction on how we might be able to solve
the 2-d non-directional de Bruijn process problem. This was mainly based on trying
to define the form of the word for such a process, which we can then decompose into
the 1-d directional de Bruijn process so that we can use the methodology developed
in Sections 3 and 4. To do this, I have introduced the concept of a family of words
which defines each size of the de Bruijn word in the process. This is a challenging
topic, so the majority of this is left for future work.

Overall, this method of non-directional de Bruijn processes is not necessarily the
best way to view this problem, but it is my initial thoughts, designed such that it
links in well to the work already accomplished in the thesis. Therefore, a main aim
of future work is to look back at this concept of non-directionality to improve on the

method outlined here and potentially seek alternative methods.



Chapter 7

Conclusions and Future Work

The main motivation for this thesis was uncertainty quantification for numerical
models where there are two or more output solutions which are separated by distinct
boundaries. Given that these types of models can produce discontinuities between
the distinct regions, it was important not to assume any continuity across the entire
input space, as has been done in previous work such as treed Gaussian processes
Gramacy and Lee (2009). This constraint meant that it was infeasible to fit a single
Gaussian process emulator to the whole of the model. It was also decided that the
model outputs could take any form, being either qualitative or quantitative. Hence,
I moved towards modelling the separate regions using a classification method.

The main problem with current classification methods, such as logistic regression,
is the lack of any distance correlation when drawing from an independent Bernoulli
distribution to give classification predictions. Therefore, in Chapter 2 of this thesis,
I detailed one method for producing a correlated classifier using a latent Gaussian
process. Then, in Chapters 3 to 6, I outlined an alternative methodology for a
correlated Bernoulli process using de Bruijn graphs. The rest of this chapter gives
an overview of each previous chapter along with suggestions for future work.

Chapter 2 outlined a new method for classifying models or simulators with two
distinct regions. The proposed method is an improvement on current methods
of classifications, such as logistic regression, as it includes correlation through a
distance metric and can be applied to a wide range of applications. The model

is based on a class labelling system where initial points are labelled according to
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which known region they lie in. We were then able to model the labelling function
instead of the function itself. This is important because we are now able to deal
with a much broader range of applications where outputs to the model are not
necessarily quantitative. The labelling function becomes latent in the model and can
be modelled as a Gaussian process, hence introducing the necessary correlation into
the model. This latent Gaussian process was estimated using Metropolis Hastings
MCMC. The prior specification is very important to the model, and model validation
was included using a misclassification rate based on a leave-one-out cross-validation.
Several examples are given, including a motivating example based on analysing the
reproductive system in mammals. This bimodel system has two regions in output
space corresponding to high and low rates of reproduction.

Following the success of the motivating example, I am keen to test the method
out on more real life data sets to see how well it performs for more intricate output
regions. The example in Figure 2.17 had a fairly simple linear boundary between
regions, and so I would like to test out the limits of the method for more complex
region shapes. I have already shown that my method performs well with a doughnut
shape, so I have confidence that it will be able to cope in other scenarios. As well
as this, I would like to work with examples in higher dimensions. I have tested the
method out on toy examples in 1d, 2d and 3d, but it would be interesting to see if the
classifier would struggle if we increased the dimensions further. As the dimensions
increase, we would need more initial points, and a clear idea of how many different
regions we expect to get a sufficient boundary estimate. I expect prior specifications
will become increasingly important as we move up in dimensions.

Following on from this, I would also like to experiment with examples that have
more than two distinct output regions. I have already briefly outlined how I would
initially tackle this problem, but I would like to take this further to produce an
actual methodology. If possible, I would like to adapt the latent Gaussian process
so that it could cope with more output regions, but I expect this to be a difficult

problem due to the negative/positive condition that is vital for the classification.
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In Section 2.6 I discussed the comparisons between the latent Gaussian process
method, and logistic regression and Voronoi tessellation (naive approach). In both
of these cases, it is clear that my method outperforms the alternative. In the
future, I would like to make comparisons with other methods that are currently
being developed, where it is not necessarily guaranteed that my new method will
outperform. An example of this is Pope et al. (2018), who model spatial processes with
heterogeneity or discontinuities by using a combination of Voronoi tessellation and
Gaussian processes. If I were to also compare my method to alternative classification
methods in machine learning literature, I may be able to use their tools to adapt and
improve my method further. I also hope to improve the efficiency of my computer
code. For example, I could look into changing the MCMC to Hamiltonian MCMC
to speed up calculations.

Lastly, there is still a significant contribution that could be made to the design
problem. In Section 2.7, I briefly discussed a possible way to solve this problem,
but it may not be the most efficient. A design method is required to improve the
accuracy of the classification and the boundary estimation with limited initial data.
Since the Gaussian process is applied to the labelling function, A, instead of the
actual function output itself, we find that most current design methods are not
applicable. Therefore, I would like to either continue developing my current design
method, or seek out an entirely new method that may be more efficient in improving
the classification. It would also be ideal if we could create an optimiser (similar to
the improvement function used by Ranjan et al. (2008)) that would indicate whether
we should be choosing points to be more space filling or to improve the estimate for
the boundary. Currently, I am only choosing one new point at a time in the design,
but I would like to expand this to be able to select multiple new points at a time.

Chapters 3 and 4 introduced a correlated Bernoulli process using de Bruijn graphs.
The aim of this work was to produce an equivalence to a Bernoulli process where
correlation is incorporated when making draws or samples: if we had a sample
sequence of 0’s and 1’s, then we would like to see like symbols cluster together instead

of appearing at random. Eventually, I would like to use this method alongside a
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classification method such as logistic regression so that, when we draw 0’s and 1’s to
make classification predictions, correlation with respect to distance is accounted for.
I am keen to see if I can use the methodology developed in these two chapters for a
real life data set with classification.

The method that I have proposed is based on de Bruijn graphs, which are directed
graphs that have a Markov property on the de Bruijn ‘word’ but not on the ‘letter’.
A de Bruijn word of length m consists of any combination of 0’s and 1’s of length m.
The length of the de Bruijn word allows us to control the spread of the correlation
between neighbouring letters in a sequence; i.e. the length scale. Using the defined
de Bruijn process we are able to generate sequences that appear very ‘sticky’, as well
as ‘anti-sticky’ sequences that are much more structured, and alternate between 0’s
and 1’s.

In Chapter 4, I looked into the properties of de Bruijn processes, including the
run length distribution. The run length distribution gives the probability of a run of
1’s of length n bounded by a 0 at each end. From this, we were then able to calculate
the expected run length, variance of run length and generating functions. Lastly, I
discussed the inference for de Bruijn graphs so that, given a sequence of 0’s and 1’s,
we can estimate both the word length m and the associated transition probabilities.
This was achieved using Bayes’ factors accompanied with either maximum likelihood
or Bayesian inference.

There are many areas for future work on the topic of de Bruijn graphs and
correlated Bernoulli processes. To start with, there is a lot of progress that could be
made by looking at group theory. Since we are incorporating well known structures
like Markov chains, there are many theorems and identities that we could apply to
the de Bruijn process. Such theorems would hopefully enable me to improve on
the definitions by making simplifications and help in expanding de Bruijn graphs to
higher dimensions. Hence, I think that it would be advantageous to dedicate some
research into linking de Bruijn graphs to group theory, graph theory and extensive
Markov chain theory. As well as this, there are also many properties that come from

the eigenvalues and eigenvectors of Markov chains. Although I have considered them
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briefly, there is still plenty of extra work that could be done, including whether we
could find any more general definitions, such as the stationary distribution and chain
conversion rates. This also includes problems similar to a k-out-of-n problem or an
extreme event problem. For example, the sequence 111 may be an extreme event
and we would like to know the probability of it occurring in a given sequence.
Secondly, it has stood out that de Bruijn graphs can quickly become very
complicated with many possible transition probabilities for large word lengths.
Therefore, I believe that it would be useful to try and limit the number of transition
probabilities, which could be particularly important in inference (Chapter 4). I have
considered reducing the probabilities by making the probability of getting a 1 next in
the sequence be dependent on how many 1’s there are currently in the word before.
In other words, we would have fewer transition probabilities that were functions of
the proportion of 1’s in a small window or word. Even if this simplification were
successful, we would have to be careful not to reduce the flexibility too much. If we
set it so that the probability of getting a 1 was solely dependent on how many 1’s
there were in the previous word, then the word 011 would have the same probability
of getting a 1 as the word 101. Therefore, we would ideally like to reduce the number
of parameters whilst also maintaining the flexibility that I have incorporated so far.
Although mentioned briefly, I also intend to develop non-stationary de Bruijn
processes further. The transition probabilities associated with the de Bruijn process
will depend on the time step of the Markov chain. Hence, we would be able to create
chains that are sticky in some places and not sticky in others. This will be particularly
important when trying to apply the de Bruijn process to an actual classification
problem. The process will act sticky for areas away from the region boundary, where
we are sure of the classification. However, the process will then be similar to Bernoulli
trials close to the boundary where we have little information for where the exact
boundary lies. We should then hopefully be able to produce something similar to
a step function, with 0’s corresponding to one region and 1’s corresponding to the
other. There will probably still be a small fuzzy section near the border, but the

results will be an improvement on logistic regression (such as that in Figure 1.3).
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One of the main challenges for non-directional de Bruijn processes is that we can
no longer use many of the Markov and geometric distribution properties that were
used to help simplify the expressions describing stationary de Bruijn processes. This
includes difficulties in finding stationary distributions, and calculating subsequent
measures for the run length distribution.

One of the areas I would also like to research is the accuracy of the word length
and transition probability estimates. Currently in my examples, I am able to assess
the accuracy of the estimates by comparing them against the true values that I
simulated the sequences with. This is not going to be possible for real life examples
and so I would like to establish a method of validation to give a level of uncertainty
in the estimates. A more extensive research into Markov properties may be able to
help me solve this problem.

Chapter 5 expanded the ideas from Chapters 3 and 4 in an attempt to produce a
2-d de Bruijn process. This was a very challenging problem since the vital direction
in de Bruijn graphs does not make logical sense on a two-dimensional grid. I outlined
two possible methods for producing a 2-d de Bruijn process. Method 1 was based on
multivariate Markov chains which allowed the rows in a 2-d grid to have a notable
correlation between them. The rows are connected using the de Bruijn word length
so that each point is dependent on de Bruijn graphs in three directions. Although
simulation was possible, the method required high numbers of parameters to be
estimated and inference would be challenging.

Method 2 proved to be more successful, and enabled us to perform inference.
The aim of Method 2 was to be closer aligned to the 1-d de Bruijn process already
developed, with the hope that some of the methodology could be applied. This was
possible by changing the form and shape of the de Bruijn word. Although it is no
longer possible to visualise the associated de Bruijn graph, it is possible to use the
inference methodology developed in Chapter 4. By converting each 2-d de Bruijn
word into a vector, we can find the 1-d de Bruijn word equivalent. We can then use
the method of Bayes’ factors to estimate the word length, along with either maximum

likelihood or Bayesian inference to find the associated transition probabilities.
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One area of improvement for this method would be to reduce the large numbers
of transition probabilities that occur with increasing word size. This was mentioned
briefly in Chapter 4, but it would be ideal if we could reduce the number of parameters
further. Expanding Method 2 to higher dimensions was also discussed, where I
proposed how I would tackle a three dimensional de Bruijn process. As future work,
I would like to attempt to simulate a 3-d example and also attempt to adapt the
method further to higher dimensions. I believe this to be possible providing we can
state the 1-d de Bruijn word equivalent to an n-d word.

[ am particularly interested in developing the 2-d equivalent to the run length
distribution introduced in Chapter 4. This will involve defining what a patch size is
on a 2-d grid, since it is possible to have both circular patches and long chains or
1’s (or 0’s). If we just define a patch size by counting how many 1’s (or 0’s) that
are touching at least one other 1 (or 0), then these patches would technically be
equivalent. The main focus of this work will be to develop a formal definition of a
patch size. As well as this, we could also consider the structures of diagonal lines of
1’s (or 0’s) across a 2-d grid. I am also considering whether 2-d de Bruijn processes
have to stay on a rectilinear grid. If we had the 0’s and 1’s laid out in a hexagonal
grid, then it is clear that each point has six nearest neighbours. This may then help
in defining what a patch size is.

It would also be ideal to extend de Bruijn processes to infinite dimensions where
currently, I have only focused on methodology in finite dimension. If we had a grid
of points, and the points then get so close together that we have something more like
a correlation function rather than a matrix. However, this is a very hard problem to
solve. It may be the case that the infinite and finite cases have a similar relationship
to a Gaussian Markov random field and a Gaussian process. This conversion acts to
transform something that is split into blocks, into something that is then continuous.
Therefore, I believe that further research into non-Gaussian Markov random fields
will be of great importance for future work.

One of the major disadvantages of the proposed 2-d de Bruijn process is the

directionality that was imposed. The main aim of Chapter 6 was to remove this
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direction to produce a non-directional de Bruijn process. I started by developing
the 1-d methodology, where I again chose to base the 1-d non-directional de Bruijn
process on the already developed 1-d directional de Bruijn process. This meant
changing the form of the word so that each non-directional word could be written
in terms of their 1-d directional de Bruijn word equivalent. From this, it was then
possible to define a run length distribution, expected run length, variance of run
length, generating functions and inference through Bayes’ factors. The topic of
non-directional de Bruijn processes is of great interest to me, and I am eager to
pursue the research further following on from this thesis.

Currently, the de Bruijn processes described in this chapter have no successful
method of simulating a sequence of 0’s and 1’s. Two possible methods are outlined,
but they either contain an error or are very computationally inefficient. This would
be one of my initial areas to concentrate on in future work, as it is important that
we can view sample sequences from certain de Bruijn processes. Given a simulated
sequence, we will also be able to test the inference stated in the chapter. I have
not attempted to apply the inference method yet due to being unable to generate a
specific sequence with the correct correlations between letters.

Another important area for future work is the run length distribution. The run
length distribution is successfully given for length m = 1 de Bruijn processes, but is
incomplete for larger word lengths. I have not yet defined the marginal probabilities
for the burn-in sequences of 0’s and 1’s that occur at both ends of a run of 1’s (or
0’s). The major problem with this is defining the probability of a short sequence,
given that we are working with a de Bruijn process with word length m. Once I have
defined this (as well as improving the method of simulation), we will be able to use the
run length distribution to compare both analytical and simulated run lengths from
sequences generated from both sticky and non-sticky de Bruijn processes. Currently,
I plan to calculate these marginal probabilities using a recurrence relationship to
define the marginal probability of a smaller word in terms of the marginal probability

of a larger word.
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The overall aim for this work is to produce a non-directional de Bruijn process
for any finite dimension. I have given a brief introduction on how I would proceed
in trying to develop a 2-d non-dimensional de Bruijn process, but a lot of further
research is required to develop the methodology. I have introduced the concept of a
family of words which defines each size of the de Bruijn word in the process. Using
this and an improved knowledge of graph theory, I believe the described goals can
be achieved.

Overall, I have only skimmed the surface of non-directional de Bruijn processes
and believe there is an extensive field of potential research. For example, the ideas
presented in Chapter 6 may not necessarily be the best way to view this problem,
and we may need to start from scratch to progress further. I have also generated
ideas on possibly linking this work to that by Teugels (1990) to produce a more
general Bernoulli process. As with the previous chapters, I am keen to progress
further with de Bruijn processes and will hopefully one day apply the concepts to

some real world examples.
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Appendix A

Proofs for Chapter 4 Theorems

A.1 Theorem 4.2 (Run Length Distribution, m >

3)

P(run length = n)

S () pZmed 22 for n =1

m—2_ . 23(3 mod 2 3)+3
Z?:o ! W(Z> P4i$1mo ) forn=2:m—1

n— 1 21+3(1 mod 2734 (292 1)~ 11
H 2]+2(z mod 2m—J—2)4(27+1-1)

ZQm_Qfl <) 23(i mod 2""73)—&-3

i=0 T\?) Pajt1
m—2 23+3(z mod 2T 73) (2942 -1)
[H 23+2 (i mod 2m—i=2)4(2/+1-1) for n Z m.
m__ n—m m_
x| ()" ]
where,
. 2Mm_1m—3 2k+1(j mod 2m—k—1)+Z§i11 2k75+1[(m(2 (i mod 2™=*=2)))mod 2]

ﬂ—(l) = Z b k(s —k k ki 1 2 ﬂ-(j)

00 k=0 2k (5 mod 2™ )+Zs:12 S[(W(z (i mod 2™—5-2)))mod 2]

Proof. Given a sequence of the letters 0 and 1, of length N, the sequence can be

written in terms of its de Bruijn words of length m. Each of these words can be
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expressed by the numerical representation of their binary form. Transitioning from
the word ¢ to the word 7 is stated by p{ :

For a run length of 1’s of length n, the run starts with a word of the form %01
irrespective of the word length, m. Hence, * defines a sequence of length m — 2, and

so there are 22 words of the form *01. The law of total probability states:

2m—2_1
P(run length =n) = Y P(run length = n|+;)m(x;),
i=0
where 7(*;) is the marginal probability for the ith starting sequence of length m — 2.

For run lengths of n = 1, this corresponds to transitioning from a word of the

form *01 to a word of the form %10. Hence:
P(run length = 1]x) = pi).

The sequence, *, corresponds to all possible length m — 2 sequences of 0’s and 1’s
which are the binary representations of the numbers 0,1, ...,2™~2 — 1 (all possible
combinations of 0’s and 1’s). Going from right to left, % starts in the third position
representing 22 in the numerical representation. Hence, all starting words of the
form *01 are given by 4i+1 Vi€ (0:2m2 —1).

From words of the form %01, it is then only possible to transition to words of the
form *010. The sequence, %, now represents all possible sequences of length m — 3,
represented by 0,1,...,2™73 — 1. Since the first word is of the form 00...010, and
translating to 2 in the numerical representation, the words are given by (23)i+2 Vi €
(0 : 2m=3 —1). However, since there are only 2™~% words to transition to, half of
the initial 272 words transition to the same following word. This forms a repeated
cycle of recurring end words that correspond to the starting words in logical order
(1,...,m). The cycle repeats every 2"~ and so depends on the word length, m.

Combining this with the law of total probability gives:

2m—2_1 ] -
P(run length=1)= > 7(i) pii(:lm()d 22
=0
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For P(run length = n) where n = 2,...,m — 1, starting words, *01, must
transition to a word of the form %011 with pJi'. Following this, there will be n — 1
transitions each adding an extra 1 to the sequence. At each transition, the sequence
* will reduce by one letter. The final transition will be to a word of the form %10,
containing n 1’s and stopping the run.

The first transition will have a similar form to the n = 1 case with the exception of
transitioning to a word of the form %011, hence the transition is pi?&md By e
(0 : 2™=2 —1). For the remaining transitions, the words will take the form x01...1
where the sequence * reduces by 1 each time. The 1’s move to the left each time and so
the numerical binary number increases by a power of 2 to become 2773V j € (0 : n—1).
This is the increase in value for each i. As for the n = 1 case, a repeated cycle of
recurring end words occurs. To begin with, the cycle repeats every 2773, however as

the sequence * decreases with increasing transitions, this decreases the total number

of possible words and the length of the cycle to give:

2073 (i mod 2m7973) Vie(0:2m?—1),j€(0:n—1)

Also for increasing transitions, the first possible word of the form 0...01...1, gets
larger by a power of 2 and so we must add on 272 — 1 for the starting word when
1= 0.

Finally, the run of 1’s is stopped with a word of the form %10 and so an indicator
is used remove one from the numerical representation of the last transition. Since

the end word from the previous transition is the starting word of the next this gives:

2m72_1 ' o
P(I‘un length = n) = Z 7T(Z) pijillmod om=3)13
=0

n—1
2913 (5 mod 2m I 3) (292 1) —1j—p,_1
< |11 Paj+2(i mod 2m—i-2)4(2541-1) )
j=1
forn=2..,m—1.
For run lengths n > m, the initial m — 1 transitions will be identical to the n < m

cases where the indicator is removed. The remaining n — m transition probabilities
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are of the form pi} -1 = p%Zj. The last word is of the form 11...10 = 2™ — 2, hence:

2m—271 m—2
. 23(¢ mod 2 3)+3 27+3 (i mod 2m—I—3)4 (2921
P(run length =n) = Z (1) p4i§r1 ) [H p2j+zgi mod 2m7j72;+22j+1_1§

=0 Jj=1

X

om 1\ gm_o
(p2m71> pzml} g

for n > m.

For m(i) Vi€ (0:2™2 — 1), the law of total probability states:

am—2_1

(i) = 2_% P(ilj)m (),

where the numerical representation of the binary words are used. Since the run must
start with a word of the form %01, 7 (i) represents all possible sequences, * of length
m — 2. 7 is defined in terms of length m words and associated transition probabilities.
Finding the conditional probabilities involves m — 2 transition probabilities for each
j € (0:2™ —1) since there are 2™ words in an m length de Bruijn graph.

First consider the case when i = 0 for any word length m (in the numerical
representation of the binary word, 0...0). The first word for each j, is always j itself.
For each following transition, for each 7, the letters shift to the left, and a 0 is added
to the end of the word. Hence, the word becomes an extra factor of 2 larger at each
transition i.e. 2% x j for each k € (0 : m — 3). However, since the word transitions to
a word of the form *0...0 each time, where * reduces in length by one, some words
can transition to the same word, creating a cycle on j. Initially all 2™ words are
unique, but the cycle reduces with each transition (as * becomes smaller), so the
words become: 2%(j mod 2m7F).

If i € (0: 2™"2 — 1), the initial pattern is the same as for i = 0, with different
contributions to each word for each transition. 1’s must be added to the base
case (i = 0) when they turn up in the transitions for any 7. For all 2™~2 possible
binary sequences of length m — 2, the 1’s appear in cycles depending on which
column they lie in. From the left entry, the first 2™~2 words begin with a 0 and

the last 273 words begin with a 1. The next column repeats 0’s and 1’s every
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2m~4 words. This continues until the last column alternates between 0’s and 1’s for
each i. This reduces to (g (i — (i mod 2™ *72)))mod 2, where s € (1 : k) for
each transition. Since the current 1’s increase by a power of two for each transition,
a summation is formed to make sure each is included. Hence the words become:

Sk 2P75[(5=s (i — (i mod 27572)))mod 2].

oQm—s—2

Since the end word of the current transition is the start word of the next transition,
this gives the following:

m _ —
2Mm—1m—3 2k+1(j mod erL—k—1)+Z’:;rll 2k73+1[(ﬁ(i—(i mod 2™=5-2)))mod 2]

(1) = jz% Pt pzk(j mod 2m—k)4+37F 2k=5[(52s=g (i—(i mod 2™~-2)))mod 2]

()
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A.2 Expected Run Length for m = 2 Obtained

from Moment Generating Function

poi (1 = (11)?)
piipit

E [run length] = p) +

Proof.

Gl) = (Porp1 — Poipit) €2 + pore”

1 — pije

&) = (Poipit — poipin) €* + pore”] (1 — piie®)
(1—piier)”
[(Po1p1? — Porpin) €% + pore’] (pire”)
2
(1 - pijer)

G'(0) = 2 (po1p1t — potpit) + pot) (1 — pit) — [(porpil — poipit) + potl (pit)

- 2

(1—pil)

2
_ 2pgip1t — 2p09pit + oy — poipiipit + oy (pit)
- 11)2
(1 - pn)
10 11\2 11

o [0 =2+ 1] opiiplo — puploptt
- 2 2
(1—p1i) (1—pit)
2p01P11 — PoiP1iP

2
(p1?)

. 2 2
since (1 — pﬂ) = (pﬂ) —2pi1 + 1 and py) + pp; =1
2po1 — PoPi

pif

10 ol 11 112
=p +[2p —(p ]
o plplt M ( 11)

11
= o+ ot |21 ) - (1-lY)’]

= pp1 +

= poy +

: 10 11
since py; +p; =1

poi (1 = (p11)?)
piipit

= poy +

= F [run length] from Theorem 4.3.
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A.3 Theorem 4.18 (Marginal Likelihood, m > 1)

£lseq) = T[ 7"
om_9 om_92 N= (25‘:072 ”J')
e o ()]

for N = Z?:&l n; and Z?:&l m(j) =1

Proof. Given a sequence of letters of length N +m — 1, the sequence can be split up
into its associated words of predefined length m > 1, where 7 (i) gives the probability
of obtaining the word ¢ and N is the total number of words. The joint distribution is
given by the product of the respective 7’s for each word and like terms are collected.

There are 2™ words for an m length de Bruijn process, hence:

Since the sum of all n; gives the total number of words, N, and the sum of the

marginal probabilities of the words equals one, this gives the following:

2m 2 ' 2m_2 N= (ij&2 nj)
o= - (o)
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A.4 Theorem 4.20 (Transition Likelihood, m > 1)

2m—1 ((2i41) mod 2™)—1 ((2i41) mod 2™)

L(seqlp) = [[ (1—p 0™ 2”1)“1- (p2i0 med 2m)ni
1=0

Proof. Assume a sequence of letters, L = [y, , ..., l,, where [; € [0, 1] and the ordering
is fixed. This sequence can be written in terms of its de Bruijn words such that
L = wy,ws, ..., w,_1, where w; are the de Bruijn words of length m. Consider the
joint distribution of this sequence. Starting from wy, the probability of transitioning
to the next word is pj;2. The probability of transitioning to the next following word
is, pys. This continues until the transition py»-! which gives the joint distribution,
L(L|p) = py2 x py2 x ... x pur—1. Like terms are collected for each possible transition
probability.

There are 2™ possible transition probabilities since each word can be followed
by either a 0 or a 1. Since rows in the transition matrix sum to one, the transition
likelihood can be expressed in terms of 2™ parameters. These are all words of the
form *1, which end in the letter 1 and so are expressed as 2i + 1 for i € (0: 2™ — 1)
(using the numerical representation of the binary words). Since all possible words
can transition to a word of the form *1, where x is of length m — 1, two words

each transition to the same end word and a cycle is formed. This occurs every 2™

transitions, hence:

n((2i+1) mod 2™)

(p((2i+1) mod 2m)) i

2m—1 n((2i+1) mod 2™)—1
i

E(L’p) — H (1 o p§(2i+1) mod Zm))

=0

)
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A.5 Theorem 4.21 (Estimation of De Bruijn Word
length by Bayes’ factors, m > 1)

Consider a sequence, S, of 0’s and 1’s which was generated under one of two

hypotheses. The first is a de Bruijn process with word length m; and the second is a

de Bruijn process with word length m,. The Bayes’ factor ratio is as follows:

o P(S]m)
b2 P(S|msy)

where,

P(Slmy) = [ P(Slp.mu)P(plmi)dp

27k -1 F(n((2i+1) mod 27k)—1 BZ-H)F(TL((%H) mod 2%)) + aiy1)

i i
((2¢4+1) mod 2™k )—1 ((2¢4+1) mod 2™k

=0 I'(n; +ny ) 4 Bit1 + it1) 7

for k € {1,2}. When values of B » are large, we have more evidence to reject the
first hypothesis with word length m, in favour of the second hypothesis with word

length m..

Proof. The equation:

L(S|p,m)P(p|m)
P(S)
_ L(SIp,m)P(plm)
J L(S[p, m)P(p|m)dp

P(plS) =

is taken from Bayes’ theorem where the likelihood is given in Theorem 4.20 and the

prior is defined to be a product of beta densities:

T Dl + Bin)
P(p|m) = i i pa¢+171 1—p /Bi+1*1’
(plm) g I'(aie)D(Bis1) ( )
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for unknown parameters o and 3. Substituting this in gives:

P(p|S) o< L(S|p, m)P(p|m)

2m—1 2i+1) mod 2")—1 ((2i+1) mod 2™)
o 1 ((2é41) mod 2™) ”§< ) ) ((2i+1) mod 2™)\ "
= H — D D;
=0

X (1 p((%ﬂ) mod Qm))ﬁiﬂ_l (p((Qz‘—I—l) mod 27"))0‘i+1—1

i i

2m—1
_ H (1 _ p((21+1) mod 2m)>

%
1=0

n§(2¢+1) mod 2”)71+ﬂi+1_1

« (pl((ZiJrl) mod 2m>>n5<2z‘+1> mod ™) -1

Both the prior, P(p|m), and the posterior, P(p|S), take the form of a product of

beta densities, hence there is a conjugate relationship and the following is true:

gm_q F(ni(QiJrl) mod 2™)—1 + 6i+1)r(n§(2i+l) mod Qm)) + ai-‘,—l)
| PSpmP@lmydp =TT 0 e
=0

n} 4 n§(2i+1) mod 2™) + 62‘4_1 + Oéi.t,.l)



Appendix B

Proofs for Chapter 6 Theorems

B.1 Theorem 6.2 (Run Length Distribution, m >

2)
P(run length = n)

am-l_1 ~2m=t-1 /. o\ 1
Yo 2j=0 m(i_J )pZi:j
2777,71_1 2777,71_1 . .
i=0 ijo m(i_j)

n—1 1
X Hk::O {mein(k,m)1+[2k’+l(i mod 2m—k—1)] .

min(n—k—2,m—1 Mt . . b
— t:O< ){2 ' q‘*‘ﬁ[ﬂ—(] mod 27—k 1)]}

2m71_1 2'm71_1 . .
> im0 ijo m(i_j)

2m—1 1
X Hk‘:O {mein(k,m)_l+[2k+1(i mod 2m—k—1)] .

min(2m—k—2,m—1)

t=0 {2 =y [ mod 22”’“1)]}

1 n—2am
X (p2m71:2m71)

for n=1

for n=2:2m

for n>2m+1
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Proof. Given a sequence of the letters 0 and 1, of length, N, the sequence can be
written in terms of its de Bruijn words of length m. Each of these words can be
expressed by the numerical representation of their binary form. The probability of
getting the letter 1 from the word i : j is given by pz{j.

For a run length of 1’s of length n, the run is bounded by two words of the form
*0 : ... and ... : 0%’ symmetrically. The sequences represented by ... are dependent on
the run length, and both * and *" are any sequence of 0’s and 1’s of length m — 1.
Hence, there are 2"~ ! words of either the form %0 : ... or ... : 0%, which gives 22(m~1)

combinations in total. The law of total probability states:

22(m—1)_1
P(run length=n)= Y P(run length = n|* *)m(x_ ),
i=0
where 7(x__x!) is the marginal probability for the ith combination of starting and
end sequences of length m — 1 each.

For run lengths of n = 1, this corresponds to transitioning from a word of the

form *0 : 0" to the letter 1. Hence:

P(run length = 1] x _*') = p’5 ...

The sequence, *, corresponds to all possible length m — 1 sequences of 0’s and 1’s,
hence *0 corresponds to all even numbers in the numerical representation of the
binary sequences, 2i Vi € (0: 2™~ —1). The sequence, *' also corresponds to all
possible length m — 1 sequences, and so 0%" corresponds to j V j € (0: 2™ 1 —1).
Since each possible starting sequence, *, for a run can finish with each ending

sequence, ¥, this gives:

gm— 1 _192m— 1 -1

P(run length = 1) Z Z m(i_J)Pij»

where 7(i__j) is the marginal probability of getting the ith possible starting sequence
represented by * and the jth possible ending sequence represented by *'.
For P(run length = n) where n = 2, ..., 2m, there will be n conditional word

probabilities for each of the 1’s in the run. Each non-directional word is of the
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form w; : we, where each of these sequences, wy, is of length m. Due to the non-
directionality, that patterns that occur with w; will also symmetrically occur with
wq. Considering the left and right sides of the word separately, w, will start off as
a sequence of the form %0 and go to a sequence of the form %01. This continues,
where at each time, the sequence * reduces in length by one and an extra letter 1 is
added to the end. If x is shifting to the left and reducing in length each time, the
numerical binary number represented by this will increase by a power of two each
time to become 2571V k € (1 : n — 2). The baseline is 2% = 4 since the sequence will
be of the form *01 where * starts in the third position from the right. As * reduces
in length with k, there are less options for what the sequence can be. Hence, a cycle

2m=2 which reduces

forms of repeated start sequences. Initially this cycle is of length
by a factor of 2 with each transition until the cycle is of length 2m~"*!, Therefore,
w; becomes 2¥*1(j mod 2™ F71)V k € (0 : n — 1). For all run lengths larger than m,
this expression reduces to 0 since w; consists entirely of 1’s.

Whilst this happens, an extra 1 is added to the sequence at each transition.
Hence the corresponding number must be added to the result to represent these 1’s.
This starts from one and increases by a power of 2 at each transition until w; is of
the form 1...1. This is given by 2m*m™ — 1V k € (0 : n — 1). The minimum value
between k and m is taken since when w; consists entirely of 1’s, its maximum value
is 2™ — 1.

Putting these together gives: w; = 2mintem) _ 1 4 [2’““(3’ mod 2’”_’“_1)} for
ke (0:n—1).

Now consider the right side of the word, w,. The patterns emerging in wy will
be the reverse to the patterns in w; due to the non-directionality of the form of the
words. we will start off as a sequence of either the form 1...1 or 1...10«" depending on
the run length n. As the number of transitions increase, the sequence * increases in
length by one each time and a 1 is removed from the initial run. This continues until
the last transition, and wy is of the form 0%, where %’ is any sequence of 0’s and 1’s
of length m — 1. Accounting for the initial run of 1’s, SyMa™ = bm=h om-t-1 444

in the numeric value for each of the 1’s starting from the left with 2=, Taking the
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minimum value between n — k — 2 and m — 1 for the summation in necessary for
when w, consists of entirely 1’s and has maximum value 2™~ 4+ 2m=2 4 4+ 20,

As the number of 1’s in ws decreases, the length of the sequence * increases.
Depending on the current value of k, %' is of length m — n + k which gives 2m—"+*
different sequences of 0’s and 1’s. Since j € (0 : 2™~! — 1) and there must be all
combinations of w; with ws, each sequence * will occur 2™ times. This is given
by st {j — (7 mod 2”*’“*1)}, which gives the sequence 0...01...1...2m "+k  gm-ntk,
When w, consists entirely of 1’s, n — k — 1 > m and just 0’s are produced.

Putting these steps together gives: wy, = Zimg nkm2me 1){27”*“1} —1—2n,71k,1
{j — (7 mod 2”_’“_1)} for k€ (0:n—1).

Therefore, for n = 2, ..., 2m the run length distribution is given by:

2m112m11

P(run length = n) Z Z

n—1

1
X kl:[) {mein(k,m)_1+[2k+1(i mod 2'm7k71):| .

Emm(n k—2,m— 1){2m,t,1}+2n71k71 []-(] mod anl)]}

For run lengths n > 2m + 1, the run-in periods occurring for both of the end m
transitions will be identical to the n < 2m cases. For longer run lengths than 2m,
the following n — 2m transitions are of the form p} ., ; where both w; and w, are
sequences of 1’s of length m. This is represented by pin_.om ;.

Therefore, for n > 2m + 1 the run length distribution is given by:

2m112m11

P(run length = n) Z Z

n—1

1
X kl_‘[) {mein(k,m)_1+[2k+l(i mod Qm—k—l)] .

in(n—k—2,m—1 L s —k—
;nzlg(n m ){2771 t 1}_’_2”71’671 [j_(] mod 2n—k 1)]}

1 n—2m
X (sz—1,2m—1)
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B.2 Theorem 6.4 (Expected Run Length, m > 2)

E [run length]

2m112m11

Z Z Z_] p22]

gm—1_79m-1_1 -1

+ lZl ZO ZO W(ZJ) H {p;min(k,m)1+[2k+1(i mod 2m—k—1)] .
=2 1= j=

k=0

in(l—k—2,m—1 i (i —k—
;r:g( m ){2m t 1}+2l7}€71 []—(] mod 2!k 1)] }]
gm—1_19m—1_1 2m—1

| I 1
) {p2min(k,m)1+[2k+l(i mod Qm—k—l)] .
k=0

me(2m k—2,m— 1){2m7t71}+22m1k,1 []_(J mod 22mk1)]}

{( 1 >2m[ Pom_1.9m 1 % 1
% —12m - s(pm:m)sl}
Phm_19m_1 (1 — pam_1.9m_1)* s=0 v

Proof.

FE [run length)]
om— 1 —19m— 1 -1

Z Z ZJ p21]

ogm—1_q19m-1_1 -1

+ ZX:Z ZO z;) W(ZJ) H {pémi"(kvm)—lﬁ-[Qk“'l(i mod 2m—k—1)] :
=2 =0 =

k=0

me(l k—2,m— 1){2m7t71}+217}€71 [j—(j mod 2lk1)]}‘|

ogm—1_19m-1_1 2m—1

+ Z Z W(ZJ) H {p;min(k,m)_1+|:2k+1(i mod mekfl):l .
=0 j=0

k=0
2 k—2 1 . .
me( " e ){2m t= 1}+22m1k71 []_(j mod 22mk1)]}

X{ i ”(péM—Lzm—l)n_Qm}

n=2m+1
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am—l_jom—1_1
o . N1
= Z 7T<ZJ)p2i:j
i=0 j=0
2m ogm—1_19m-1_1 -1

+ Zl ZO z%) @ ZJ) H {pémi“(k’m)—l—k[?’“'l(i mod Qm—k—l)] :
= i—0 =

k=0

Zmln(l k—2,m— 1){2m7t71}+217}€71 []—(] mod 2lik71)] }]

gm—1_719m-1_ 2m—1
1
+ Z Z H {mein(k,m)_1+[2k+1(i mod mekfl)] .
k=0

me(Qm k—2,m— 1){27n t— 1}+22m1k71 I:J_(] mod 2277Lk1)]}

{ (pl)m DTSSR SR

2m—1:2m—1 n=0 s=0

X

1=0 7=0
2m gm—1_q9m-1_1 -1
+ l [ W(ZJ) H {mein(k,m)_1+[2k+1(i mod 2m—k—1)] .
=2 i=0 j=0 k=0

Sk fgm—i-1y [ (j mod ww]}]

om—1_12m-1_1 2m—1
+ Z ) H {p2min(k,m)_1+[2k+l(i mod 2m7k71)] .
=0 j=0 k=0

Zmln(Qm k—2m— 1){2m7t71}+ 22m1k71 []_(J mod 227nk1)]}

{( 1 >2m[ Phm_1.9m i 1
X — - 3(pM—:m—>S]}
p%m_lzgm_l (1 _p%M—1:2m—1)2 52:%) ? 2 '

for [pym_yom_4| <1

since Y o7 np" = ﬁ providing [p| < 1 =
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B.3 Theorem 6.6 (Squared Expectation of Run

Length, m > 2)

FE [run lengch]

om— 1 _19m— 1_

Z Z ZJ p22]

gm-l_jom-1_j -1
2 S 1
+ Zl Z Z W(Z_j) H {p2min(k,m)_1+[2k+1(i mod 27n7k71)j| .
=2 =0 j=0 k=0

Zmln(l k—2,m— 1){2777. t— 1}+2l - 1[] (] mod 21—k—1)] }]

gm-—1_79m-1_1 2m—1

+ Z Z W(ZJ> H {p;min(k,m)1+[2k+1(i mod 2m—k—1)] .
i=0  j=0

k=0

min(2m—k—2,m—1 4 . . Ck—
t:()( ){2m t 1}+22mik71 []_(] mod 22m—k 1)]}

2m
1 pl'"Li : mo__ (pl'rnf : mo__ —"_ 1

Pam_q1.0m_q (p2m71:2m71 - 1)

for pym_q.9m 4 < 1

Proof.

E [run length?]
om— 1 —19m— 1 —1

Z Z ZJ pQ’Lj

gm-l_jom-1_j 1-1
2 L 1
+ Zl Z Z W(lJ) H {mein(k,m)1+[2k+l(i mod 2m7k71)} .
1=2 i=0  j=0 k=0
T e e [ G mod 207501 }]

gm—1_79m-1_1 2m—1

+ Z Z 7T<ZJ) H {p;min(k,m)1+[2k+l(i mod Qm—k—l)] .
i=0 7=0

k=0

in(2m—k—2,m—1 e o o
;‘22‘ " m ){Qm t 1}+422m1k71 [J_(J mod 22—k 1)]}

X{ Z n2(p%m1:2m1>n2m}

n=2m+1
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2m ogm—1_19m-1_3 -1

_'_ l2 Z 2%) 7T(®J) H {pémln(k,m)_1+[2k+l(z mod Qm—k—l)] .
j=

k=0

inl—k—2,m—1 o . . L
;’f;g( m ){2m t 1}+2l7}€71 [j—(j mod 21—k 1)] }‘|
ogm—1_q9m-1_1 2m—1

+ Z W(ZJ) H {p;min(k,m)_1+[2k+1(i mod mekfl):l .
1=0 7=0 k=0

in(2m—k—2,m—1 e iy ke
Zzg( m m ){2m t 1}+W[]_(J mod 22m—k 1)]}

< (pl)m DOTETSINIES |

2m_—1:.2m—1 n=0 s=0

am—l_jgm-1_1
_ A |
= Z 7<2J)p2i:j
i=0 j=0
2m gm—1l_79m-1_3 -1
12

Z Z W(ZJ) H {p;min(k,m)_1+[2k+1(i mod 2m—k—1)] .
i=0 7=0

k=0

I

inl—k—2,m—1 i . . o
1:3( m ){2m t 1}+217}€71 []—(j mod 2!k 1)] }]
gm—1l_19m-1_3 2m—1

. . 1
— W(ZJ) H {mein(k,m) _1+[2k+1 (Z mod 2m7k71)j| .
=0 7=0 k=0

in(2m—k—2,m—1 L . o
in:lr(;( m m ){2m t 1}+22mik71 [J—(] mod 22m—k 1)]}

2m
X {( > po _piom 1 (Pam_1i9m_q + )+ E SQ(P%m—lzzm_l)sl}
s=0

P%m—l:2m-1 (p%m—1:2M—1 - 1)3

for p%m_1:2m_1 < 1

=~ provding [ < 1 -

9]
n=0

since >
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B.4 Theorem 6.8 (Run Length Probability Generating

Function, m > 2)

2m—+1

2m 1
Pom_1.9m_102mT
= Z ase® + 1
= 1 —pgm_1.9m 1T

where
gm—1_19m 1
ay = W(ZJ)in:j
i=0 =0
2m—17 2m—171
o . . 1 1
a2 = > W(l—]){pzi :2m=141[j—(j mod 2)]} X {P1+4[z‘ mod 2m—2] :j}
i=0 j=0
gm—l_19om-1_3 2m—1
_ 1
Qom = Z X H {mein(k,m)_1+[2k+l(i mod Qm—k—l)] .
i=0 j=0 k=0
min(2m—k—2,m—1 . .
Z ( ){2m—t—1}+22mik_1 []7(] mod 22m—k—1)] }
Proof.

P(run length = n)

m—1 m—1__ . .
22 - ?:0 17T(ZJ>p%i:j for n=1

22m1122m1 m(i_j) for n=2:2m
X ]._.[k =0 {p2m1n(k m)_ 1+[2k+1(1 mod 2m—k— 1)] .

in(n—k—2,m—1 . L
B ;‘zg(n m ){2m t— 1}+W[]_(] mod 2n—Fk 1)]}

Z?:(;l_l Z?Z&l‘l m(i_j) for n>2m+1
2m 1 1
X H {mein(k,m)1+[2k+1(i mod 2m—k—1)] .

in(2m—k—2,m—1 e _ —k—
;":11(;( m m ){2m t 1}+22m1k—1 []—(J mod 22m—k 1)]}

1 n—2m
X (p2m71:2m71)
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The recurrence relationship has the following form:

(10:0

—

An+1 = Pam_q:9m_1

m(i_j )p%i: j

W(ZJ){pm’ : 2m=14 1 [j—(j mod 2)]} x {p1+4[i mod 2m—2] :j}

an for n>2m

This is solved to find the generating function G = 3°,,5¢ a,2". Then multiplying

by 2™ and summing over n gives the following:

n 1 n
Z Ap+1T° = Z Pom_1.9m_1AnT

n>2m

2m
<612m+1-f1j + Qomi2T

n>2m

2m+1

2m—+2 1 n
+aom 3T + .. ) = Dom_1.9m_q Z anT" — ap — a1x — ...
n>0
2m—1
— G2m—1T
1 2
7[(a0+a1x+a2x —1—)
x
2m—1
2m 1 s
—ag — 1T — ... — AT } = Dym_1m_q |G — D asx
s=0
G — Z?ZLO a’txt _ .1 G ! s
-, DPom_j.9m_y - Z Qs
s=0

2m 2m—1
t 1 1 S
G — Z QG = .prm,l:QnL,lG — TPom_1.9m _1 Z AsT
t=0 s=0
2m 2m
_ 1 s t 1 2m
— 1) = TPym_1.9m_1 Z asT” — Z T — TPym_1.9m_102mT
s=0 t=0

G (ffpém—mm—l

1 2m 1 2
(xp2m712m71 - 1) <Zs:0 asxs) - xp2m712m71a2m1: m

1
Pam_1:9m 2 — 1
2m—+1

G:

2m

1
G = Z a.x + Pom_1.9m_102mT
= s i
s=0 I —pgm_19m @
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where,

am—1l_12m-1_1

ar = Z Z W(iJ)P%m

i=0 j=0
am—-l_jom-1_1
. .. 1 1
Qg = Z W(ZJ>{p2i :2m=14 10— (j mod 2)]} X {p1+4[i mod 2m—2] j}
i=0 j=0

A2m = W(ZJ>
1
{pzlnin(k,m)_1+[2k+l(i mod 2m7k71)] .

in(2m—k—2,m—1 i 7 —k—
R em et e [ mod 22mk 1>]}
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B.5 Theorem 6.10 (Run Length Moment Generating

Function, m > 3)

(2m+1)z

2m 1
Dym_qj.9m_102m€
G(z) =D a.e™ + . -
5—0 1 —pgm_1.9m_q€

where,
2m—1 -1 2m—1_1

2m—171 2m—171

a2 = Z Z 7(@_7){]951 :2m=14 1[5 (j mod 2)}} X {p%+4[i mod 2m—2] :j}
=0 j=0

om—1_19m—-1_1 2m—1
o 1
o = > w(i_g)x I {pzminw,m)_u[zk“(i mod 2m—k-1)] -
=0 j=0 k=0

min(2m—k—2,m—1) i 1 . - —k—
min {am—t 1}+22m_k_1 [],(] mod 22m—k 1)]}

Proof.

P(run length = n)

SIS (i g)phs, for n =1
Z?:(;l_l Z?Z&l‘l m(i_j) for n=2:2m

n—1 1
X Hk:O {mein(k,m)1+[2k+l(i mod 2m—k:—1)] .

min(n—k—2,m—1 m—t— . . n_k—
_ i Hom=t=1}4 1 [j~(j mod 20k 1)]}

Qm—l_

m—1__ . .
Z?:o ! > =0 ! m(i_j) for n>2m+1
2m—1 1
X Hk:O {mein(k,m)_1+[2k+1(i mod 2m—k—1)] .

in(2m—k—2,m—1 g . . o
:218( m m ){2m t 1}+22m1k71[]_(3 mod 22m—k 1)]}

1 n—2m
X (p2m71:2m71)
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The recurrence relationship has the following form:

ag = 0
gm—l_jom-1_1
_ NN |
ay = W(ZJ)pzi:j
i=0  j=0
2m71_1 Qm—l_l
— s 1 1
a2 = ”(ZJ){pm’ : 2m=14 1[j—(j mod 2)]} X {p1+4[i mod 2m—2] :j}
i=0  j=0
1
Qpt1 = Doym_q.9m_10np for n>2m

This is solved to find the generating function G' = >, ~ a,e™. Then, multiplying

by €™ and summing over n gives the following:

nx 1 nx
Z Qpp1€7" = Z Dam_1:9m _10n€

n>2m n>2m
2ma 2m+1)x
<a2m+1€ + a2m+26( )
2m—+2)x 1 nT T
+a2m+36( ) + .. ) - p2m71:2m71 Z an€ — Qo — a1 — ...
n>0
. a2m71€(2m71)m
1 T 2x
— ag + are” + aqe”” + ...
e
2m—1
T 2max 1 sT
—ag —aje” — ... — agye } = Dym_1om_1 |G — D ase
s=0
2m tx 2m—1
G_thoate _ .1 G — Z sx
o = Pam_1:2m 1 as€
s=0
2m 2m—1
te _ x. 1 x 1 s
G — Z ae™ = € Pom_1.9m_1G — € Pom_y.9m_4 Z ase
t=0 s=0
2m 2m
G z, 1 _1_z1 Z sx_z tr _ _x, 1 2max
€ Pom_1.9m_1 = € Pom_1.90m_q as€ age € Pom_1:9m_102m€
s=0 t=0

x,,1 2m sx z,,1 2max
G- (e Dam _1:.9m 1 — 1) (Zszo as€ ) — € Pam_1:.9m 102m€

Phm_1gm_1e” — 1

2m 1 (2m+1)z
G=> ae”+ :
s=0

1 — phm_j.om_1€°
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where,

am—1l_12m-1_1

ar = Z Z W(iJ)P%m

i=0 j=0
am—-l_jom-1_1
. .. 1 1
Qg = Z W(ZJ>{p2i :2m=14 10— (j mod 2)]} X {p1+4[i mod 2m—2] j}
i=0 j=0

Qom = > w(i )
1
{pzlnin(k,m)_1+[2k+l(i mod 2m7k71)] .

in(2m—k—2,m—1 i 7 —k—
R em et e [ mod 22mk 1>]}
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B.6 Expected Run Length for m = 1 Obtained

from Moment Generating Function

1 p(llep%:O (2 - ph)

E [run length| = py., + T2 for |pr., |
(1 - pl:l)

Proof.

G( _ (ptl):lp%:o B p(l):Op%:l) €2z + p(l):oex
z) = 1 —piqe?

() = [2 (P0.1P10 — PooP1a) € + pQé;oe’”] (1 —piqge”)
(1 —piqe”)
[(P6.1P10 — PooPia) €7 + Pooe”] (P1a€”)
(1= plae)”

G/(o) _ [2 (p(l]lp% — p(l):(]p%:l) +p(1]0] (1 — p%:l) B Kpél]:lpi:(] - p(l):Op%:l) +p(1)0} (p%l)
- 2
(1= pia)
2
_ 2p(1):1p%:0 B 2p(1):0pi:1 +pé:0 B p(l):ﬂﬁ:op%:l + p(l):O (p%l)
(1 - p%:l)2
1 1 \2 1

_ Poo [(pm) — 2p1a + 1} 2p0.1P10 — PoaPloPL
- 2 2
(1 _p%:l) (1 _p%:l)
2p(1):1p%:0 _ p(l):lp%:op%:l

2

(]‘ - p%:l)
_ 2 2
since (1 - p%:l) = (Zﬁl) - 2p%:1 +1
= p(l)() + p(l):lp%:o (2 - p%:l)

: 2

(1= pia)

= E [run length] from Theorem 6.3.

1
= Po:o
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B.7 Theorem 6.12 (Marginal Likelihood, m > 1)

22m_q

1 n#m i— (% mod 2™)] : ¢ mod 2™
L= H 7T<2m[i_(im0d2m)];imod2m> g [i= (@ mod 27M)] d2
=0
22m_1
=TI d(i)y
=0
e Y= Nﬁ(zj:fz"aﬁ)
= LI md)™ [1 - ( > w(d(j»)] |
=0 =0

where, d(i) = 5 [i — (i mod 2™)] : imod 2™

Proof. Given a sequence of letters 0 and 1 of length N + 2m, the sequence can
be defined by its associated de Bruijn words of length m > 1. 7(i : j) gives the
probability of obtaining the word 7 : j and N gives the total number of words. The
joint distribution is given by the product of the respective 7’s for each word and like
terms are collected. Since each word consists of 2m letters, there are 22™ possible
words. Each non-directional word is of the form w; : wsy, where each of these sequences,
wy, is of length m. All possible words must consist of all combinations of w; with
we. Hence to give all possible words, if one wy repeats each word 2™ times in turn
and the other wy repeats the whole list 2™ times this will produce all combinations.
% [i — (imod 2™)] for i = 1,2,... gives the sequence 0,...,0,1,....;1,....2™ ... 2™

whilst 2 mod 2™ gives the list 1,2, ...,2™, 2™ times. Hence this gives:

22m_1
1 ni’m i—(i mo my] . 5 mo m
L= H W(Qm[i_(imOde)];Z’mOdT’n) g [i= (@ mod 27M)] d2
=0
22m71
= I =)o,
=0

where d(i) = 5 [t — (i mod 2™)] : i mod 2.
Since the sum of all n; gives the total number of words, N, and the sum of the

marginal probabilities of the words equals one, this gives the following:

92m_9 22m_9 N‘(Zji?72”d<j))
L= T =y [1—( > w(d(j»)] |

1=0
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B.8 Theorem 6.14 (Conditional Word Likelihood,

m > 1)

22m_1 0

L= 11) (p(;%[i_(i mod 2™)] : i mod 2m)n

7 [i— (i mod 2M)] : i mod 2M

1
Tln[z—(z mod 2™)] : i mod 2™

X (pz%[l—(z mod 2™)] : ¢ mod 2m>n
22m_1 no nl
0o )™
=0

where, d(i) = 55 [i — (i mod 2™)] : imod 2™

Proof. Assume a sequence of letters, L = [,ly,...,1,, where [; € [0,1] and the
ordering is fixed. This sequence can be expressed in terms of its de Bruijn words

such that L = wy, .., Wiy, - Wy where wy, .., is the de Bruijn word of length

n—2iln s i
m. Consider the joint distribution of this sequence. Consider the joint distribution
of this sequence. Starting from wy,.,, lo can either be a 1 or 0 with probabilities
pivlljls and p?ull:lg =1- pﬂ}u;l;z?,' Then I3 can either be a 1 or 0 with probabilities pll%:l4
and pg}w4 =1- p%%:u' This continues for all letters in L, where [,,_; is either a 0 or
a 1 with probabilities pivln_r

and p?vln_% =1- piluln_wn. This produces the joint

In In

distribution, L(L|p) = pfgll:lﬁ] X P, % - X pig~t . Like terms are collected for
each possible transition probability.

Since each word consists of 2m letters, there are 22™ possible words. Therefore
there are 22™*! possible transition probabilities since each possible word can either
transition to a 0 or a 1. Each non-directional word is of the form w; : ws, where
each of these sequences, wy, is of length m. All possible words must consist of all
combinations of w; with ws. Hence to give all possible words, if one w; repeats

each word 2™ times in turn and the other wy repeats the whole list 2™ times this

1

5w 0 — (tmod 2™)] for i = 1,2, ... gives the sequence

will produce all combinations.

0,...,0,1,...,1,...,2™ ..., 2" whilst ¢ mod 2™ gives the list 1, 2,...,2™, 2™ times.
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Each word can then transition to either a 0 or a 1 which gives the following result:

22m_1 nol
. 0 77 [t— (¢ mod 2™)] : ¢ mod 2™
L= H (pQLm[zf(z mod 2™)] : ¢ mod 2’”) ?
=0
1 " b= mod 27)] - i mod 2m
X (p%n[z—(z mod 2™)] : ¢ mod ZW) o
22m71 0 1
_ 1\ (1 \"d0)
— H (1 — pd(i)) (pd(i)> ,
=0

where, d(i) = 5= [i — (i mod 2™)] : imod 2™ O
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B.9 Theorem 6.15 (Posterior Distribution for de

Bruijn Conditional Word Probabilities, m >

1)

L(seq|p, m)P(p|m)

P =
(plseq) Plseq)
_ L(seq|p, m)P(p|m)
| L(seq|p, m)P(plm)dp’
where,
227n_1 no +6 §
~L_[i—(i mod 2M)] : i mo m i+1
L‘(seq!P, m)P(p|m) = H (1 _pzim[i—(i mod 2] + i mod 2m) 7 li— (i mod 2m)] d2
=0
! ni i— (2 mo ™m)] : ¢ mo m+ai+1_1
X (pz%[l—(l mod 2"")] . 7 mod 27n) 2m [i=( d2m)] d 2
22m71 0 )
N tBi+1—1 nl o a1
= I (1=ri)™ (Phiw) ,
=0
and

| Plsealp.m) P(plm)dp

22m_1 [’

- g) r(n% . . , Lo : ; i )
(n;n[z—(z mod 2™)] : ¢ mod 2™ + nz%[z—(z mod 2™)] : 4 mod 2™ + B +1 1 Qg

P (0 + B ) T (i) + i)
=0 r (ng(z) + ncll(z) + Bi—i—l + ai—i—l)

0 1
(n;n[i(i mod 2m)] : i mod 2m T Bi“) r <n2}n[i(i mod 2)] : i mod om) T O‘i+1>

I

with d(i) = 55 [i — (¢ mod 2™)] : i mod 2™
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Proof. The equation:

L(seq|p, m)P(plm)
P(seq)
_ L(seq|lp,m)P(plm)
| L(seq|p, m)P(p|m)dp’

P(p|seq) =

is taken from Bayes’ theorem where the likelihood is given in Theorem 6.14 and the

prior is defined to be a product of beta densities:

Tﬁl [(aip1 + Bit1)
P(plm) = ¢ ¢ paiJrl*l 1—p ﬁi+1*1’
(plrm) im0 T(eie)I(Bia) (=)

for unknown parameters a and . Substituting this in gives:

P(p|seq) o< L(seq|p, m)P(p|m)

e nY . nl
= II l(l —pcll(i)> 40 (pcll(i)) (i)
i=0
X (1 - pzli(i))ﬂiﬂ—l (p(ll(i))ai+1—1‘|
= 221172[;1 (1 B p}l(i)>n2(i)+5i+l—1 (pcll(i)>n}i(i)+ai+1—1 |

where, d(i) = o [i — (i mod 2™)] : i mod 2™.

21’7’1,

Both the prior, P(p|m), and the posterior, P(p|seq), take the form of a product
of beta densities, hence there is a conjugate relationship and the following is true:
AT (nf + i) T (nl) + i)

| Plseqlp.m)Pplm)dp = ]
i—o I (ng(i) + ”zz(i) + Biy1 + Oéi+1>
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